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A study program was completed in support of dn eventual low-cost, narrow-band, 
millimeter-wave sp. se-c~mmunications TWT of novel design. Cold-test interaction- 
structure scale models were investigated and analyses were undertaken to predict the 
electrical and thermal response of the hypothetical 200-W TWT at 42 GHz and 21 kV 
beam voltage. 
Following a NASA suggestion, an intentionally narrow instantaneous bandwidth (I%, 
with the possibility of electronic tuning of the center frequency over several percent) 
was sought with a highly dispersive, high-impedance "forward-wave" interaction sttuc- 
ture based on a ladder (for economy in fabrication) and non-space-harmonic inter- 
action, for a high gain rate and a short, economically focused tube. The "TunneLadder" 
interaction structure devised combines ladder properties with accommodation for a 
pencil beam. Except for the impedance and bandwidth, there is much in common with 
the millimeter-wave helix-TWTs which provided the idea of diamond support rods. The 
benefits of these are enhanced in the TunneLadder case because of spatial separation of 
beam-interception and rfcurrent heating. 
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15. Abstract (Continued) 
In advance of possible future development of a TunneLadder TWT, consideration was 
given (in varying degrees) to the following concerns: interaction impedance, sensitivities 
to dimensional deviations, extraneous modes of propagation, prior 3rt, circuit attenua- 
tion, temperature rises, rf breakdown, small- and large-signal gain, efficiency, fabrication 
techniques, inputloutput couplers, and "severs". 
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underlying design approach and i n s t i g a t i n g  its f u r t h e r  development, and 
D r .  Jame3 A. Dayton, Jr., f o r  f a c i l i t a t i n g  t h e  p u r s u i t  o f  c o n t r a c t  
ob jec t ives .  
A t  Varian Associa tes ,  Inc., Palo Alto Microwave Tube Divi3ion,  Division 
R and D opera t ion ,  John W. Fenwick and Gary A. Biggs undertook t h e  v a r i o d s  
modif icat ions  o f  t h e  i n t e r a c t i o n - s t r u c t u r e  model3 o f  Fig.mes 1,  6 and 12 and 
obta ined a l l  t h e  co ld - tes t  d a t a  p e r t a i n i n g  t o  them. The g r a p h i c a l  presen- 
t a t i o n  of t h e s e  d a t a  is dile t o  F. Ruth Walker who a l s o  con t r ibu ted  t h e  
equ iva len t -c i rcu i t  ana lyses  summarized i n  Sec t ion  4.5. The small- and 
large-s ignal  ana lyses  of Sec t ions  6.1 through 6.4 were t h e  c o n t r i b u t i o n  o f  
Thomas J. Grant whi le  George E. Wendell was respons ib le  f o r  t h e  VULCAN- 
program thermal modeling reviewed i n  Sec t ion  7.5. 
The recen t  advances i n  millimeter-wave helix-TWT design wi th  h e l i c e s  
bonded t o  diamond support  rods ,  which have an e s s e n t i a l  bea r ing  on Yne 
s u b j e c t  c o n t r a c t  e f f o r t s ,  were d i r e c t e d  and communicated by 
Andre E. Jacquez , Helix Amplifier  Tube Operation. 
1.0 SUMMARY 
T h i s  c o n t r a c t  f i n a l  r e p o r t  rev iews a n  eleven-month s t u d y  program 
r e l a t i n g  t o  an  unconvent ional  low-cost t rave l ing-wave  a m p l i f i e r  f o r  
narrow-band space  communications a t  mil l imeter-wave f r e q u e n c i e s  such  as 
42 bHz. The work involved  t h e  d e s i g n ,  c o n s t r u c t i o n  and t e s t i n g  o f  s c a l e  
models o f  p e r i o d i c  slow-wave i n t e r a c t i o n  s t r u c t u r e s ,  d a t a  p r o c e s s i n g ,  and 
o t h e r  a n a l y t i c a l  p rocedures  s u p p o r t i n g  t h e  p o s s i b l e  f u t u r e  development cf a 
working t u b e  based on t h e  p r i n c i p l e s  proposed and e v a l u a t e d .  
The b a s i c  d e s i g n  premises  were o r i g i n a t e d  a t  NASA-LeRC, by 
D r .  H.G. Kosmahl, who proposed c a p i t a l i z i n g  on t h e  narrow bandwidths ( 1 %  o r  
t h e r e a b o u t )  o f  t h e  sys tems addressed  t o  e f f e c t  a TUA t h a t  was smaller and 
cheaper  t han  a conven t iona l  coupled-cavi ty  TWA might  be f o r  42 GHz -- and a t  
l e a s t  200 W of  CU o u t p u t  power. T h i s  concept  e n t a i l e d  t h e  s e l e c t i o n  o f  a 
h i g h l y  d i s p e r s i v e  narrow-band i n t e r a c t i o n  s t r u c t u r e ,  o f  t h e  "forward-wave" 
type  in t ended  f o r  non-space-harmonic i n t e r a c t i o n .  Because o f  a l l  t h e s e  
f e a t u r e s ,  a h igh  g a i n  pe r  u n i t  l e n g t h  shou ld  r e s u l t ,  l e a d i n g  t o  a s h o r t  
t ube ,  a  r e l a t i v e l y  s m a l l  yoke-type permanent magnet f o r  focus ing ,  and a 
l e s sened  impact o f  c i r c u i t  a t t e n u a t i o n  on g a i n  and e f f i c i e n c y .  The r e s u l t s  
o f  t h e  s u b j e c t  s t u d y  progrvn s u p p o r t  t h e s e  c l a i m s  and o b j e c t i v e s .  
The NASA-LeRC sloe-wave c i r c u i t  recommendation was a ladder-based  
s t r u c t u r e ,  such a s  might be made inexpens ive ly ,  and wi thout  cumula t ive  
e r r o r s  i n  p e r i o d i c i t y ,  by k ind ing  o f  t a p e ,  photo-e tching  o f  f o i l ,  e t c .  
Experimental  e v a l u a t i o n  o f  S-band models o f  such c i r c u i t s ,  w i th  t h e  ( t h i n )  
l a d d e r  i n  f l a t  form, was under taken  a s  a  u s e f u l  p re l imina ry .  The l a d d e r  was 
subsequen t ly  modif ied t o  accommodate a p r a c t i c a l  p e n c i l  beam ( c o n s i s t e n t  
w i th  t h e  high-power o b j e c t i v e )  and diamond r o d s  ( s i m u l a t e d  by S t y c a s t  5 i n  
t h e  models) were added f o r  suppor t  and c o o l i n g .  The r e s u l t i n g  "TunneLadderv 
d e s i g n  t h u s  owes much t o  r e c e n t  concep t s  i n  mil l imeter-wave helix-TWT 
des ign .  s t r u c t u r a l l y  and e l e c t r i c a l l y  -- excep t ing  on ly  t h e  impedance, 
d i s p e r s i o n  and bandwidt.n. Thermal ly ,  t h e  TunneLadder d e s i g n  ( w i t h  a  
q u a s i e l l i p t i c a l  beam t u n n e l )  has  t h e  added advantage  o f  s p a t i a l  s e p a r a t i o n  
o f  beam-in tercept ion  and r f - c u r r e n t  h e a t i n g .  
I n  suppor t  of  t h e  proposed i n t e r a c t i o n - s t r u c t u r e  des ign ,  i n t e r a c t i o n  
impedance, s e n s i t i v i t i e s  t o  dimensional  d e v i a t i o n s ,  ext raneous  modes of 
propagation,  and p r i c r  a r t  were c r i t i c a l l y  i n v e s t i g a t e d .  C i r c u i t  
a t t e n u a t i o n  and power-handling c a p a b i l i t y  were p ro jec ted  a n a l y t i c a l l y ,  as 
I 
' A were smal l -  and l a rge - s igna l  g a i n ,  bandwidth, l l sa tura tedn e f f i c i e n c y ,  and rf 
v o l t a g a  s t r e s s e s .  For t h e s e  purposes,  a  beam v o l t a g e ,  microperveance,  and 
diameter o f  21 kV, 0.06, and 0.4 mm, r e s p e c t i v e l y ,  were assumed. A s  
b 
in tended,  p red ic ted  ins tan taneous  bandwidths a r e  narrow (1  t o  28,  according 
t o  how def ined)  but  e l e c t r o n i c  tun ing  of t h e  c e n t e r  frequency ( a t  t h e  r a t e  
of  2 2% f o r  2 4 kV) should be p rac t i cab le .  
S t a r t i n g  with a  d a t a  update on t h e  r f  l o s s  and breakdown p r o p e r t i e s  o f  
Type I1 A diamond, f u r t h e r  development e f f o r t s  focused on l adder - fabr ica t ion  
techniques ,  inpu t /ou tpu t  t r a n s i t i o n s  between r e c t a n g u l a r  waveguide and t h e  
i n t e r a c t i o n  s t r u c t u r e ,  ana a  poss ib le  " severw,  a r e  needed t o  br idge t h e  gap 
between the  p resen t  body of c o l d - t e s t / c a a l y t i c  r e s u l t s  and an o p e r a t i n g  
llTunneLadderw TWT . 
2.0  INTRODUCTION 
T h i s  F i n a l  Report  c o v e r s  an  eleven-month s t u d y  program s u p p o r t ? ?  t n c  
e v e n t u a l  development o f  an unconven t iona l ,  narrow-band communica t i~ . :d  TWT 
o u t p u t t i n g  a t  l e a s t  200 W ,  CW, a t  42 GHz ( o r  o t h e r  nearby  c e n t e r  f req t lency) .  
The p r i n c i p a l  t a s k s  o f  t h e  s t u d y  program were t h e  c o n s t r u c t i o n  and ncoJ.d.. 
t e s t i n g n  o f  sca led-up  i n t e r a c t i o n - c i r c u i t  models and a n a l y t i c a l  p r c j e c t i o n s  
o f  v a r i o u s  a s p e c t s  o f  t h e i r  p o t e n t i a l  performance i n  a 42 GHz TWT. 
These b a s e - l i n e  e f f o r t s  were mo t iva t ed  by i n t e r e s t  i n  a  lower-cos t  
a l t e r n a t i v e  t o  t h e  coupled-cavi ty  TWTs t h a t  a r e  c o n v e n t i o n a l l y  c o n s i d e r e d  
f o r  t h e s e  f r e q u e n c i e s  and power l e v e l s .  A s  d i s c e r n e d  by H .  G .  Kosmahl i n  
1977, more t h a n  1% o f  i n  -an taneous  bandwidth ( d e f i n e d  "1 dB downff) is  
seldom r e q u i r e d  i n  a  mil l imeter-wave communications a m p l i f i e r ,  paving t h e  
way t o  f a v o r  low c o s t  and/or  h igh  i n t e r a c t i o n  impedance ove r  bandwidth 
p o t e n t i a l  f o r  t h e  c a n d i d a t e  i n t e r a c t i o n  s t r u c t u r e .  The h igh  i n t e r a c t i o n  
impedance, l e a d i n g  t o  h igh  g a i n  pe r  u n f t  l e n g t h ,  and a  p h y s i c a l l y  s h o r t  
t u b e ,  should  l e s s e n  t h e  impact  o f  c i r c u i t  a t t e n u a t i o n  on e f f i c i e n c y  and 
permi t  beam f o c u s i n g  by a  ycke-type permanent magnet o f  modest s i z e  and 
weight .  
To maximize t h e  a m p l i f i e r  g a i n  r a t e  o b t a i n a b l e  ove r  t h e  s p e c i f i e d  
bandwidth, non-?,pace-harmonic i n t e r a c t i o n  was recommended, rec1uir:ing t h e  
slow-wave c i r c u i t  t o  be "forward-wave" ( c o d i r e c t e d  phase and g roup  
v e l o c i t i e s  f o r  t h e  non-space-harmonic wave) as is t h =  h e l i x .  T h i s  t y p e  o f  
i n t e r a c t , i o n  a l s o  t e n d s  t o  r e q u i r e  a  f i n e  c i r c u i t  p i t c h ,  implying f r a g i l e  
s t r u c t u r a l  e l emen t s ,  b u t  t h e  recommendation o f  t h e  modera te ly  h igh  beam 
v o l t a g e  o f  21 kV ( v / c  = 0.28) would p rov ide  some r e l i e f  h e r e  w i t h o u t  
e x a c e r b a t i n g  t h e  i n s u l a t i o n  problems o f  t h e  a m p l i f i e r  package. On t h e  b a s i s  
o f  t h e o r e t i c a l  p r o j e c t i o n s  f o r  a  s i m p l i f i e d  c i r c u i t  model, Kosmahl p r e d i c t e d  
t h a t  a  t ape - l adde r  c i r c u i t  dimensioned t o  o p e r a t e  a t  about  s i x  p e r i o d s  p e r  
g u i d e  h a v e l e n g t h ,  and r i d g e  loaded  t o  a c h i e v e  a t  t h i s  p o i n t  a  group v e l o c i t y  
i n  tt.e v i c i n i t y  o f  0.05 c ,  dould meet t h e  i ~ p e d a n c e / h o t - b a n d w i d t h  
r equ i r emen t s .  T h i s  has  s i n c e  been s u b s t a n t i a t e d .  
The scope o f  t h e  s t u d y  program inc luded  t h e  c o n s t r u c t i o n  o f  a  
" r e f e r e n c e "  c i r c u i t  f o r  c o l d - t e s t  e v a l u a t i o n s  a t  S-band f r e q u e n c i e s .  Though 
it was h i g h l y  s i m p l i f i e d  and des igned  wi thou t  r ega rd  t o  thermo-mechanical o r  
e l e c t r o n - o p t i c a l  conce rns ,  t h e  measurements made wh i l e  changing c i r c u i t  
parameters  promoted fundamental  unde r r  t a n d i n g  and he lped  prognose u l t i m a t e  
l i m i t a t i o n s .  The r e s u l t s  h e r e  subsequen t ly  provided gu idance  f o r  t h e  d e s i g n  
and c o n s t r u c t i o n  o f  a  " p r a c t i c a l w  c i r c u i t  model ( s c a l e d  16:l) developed  
around a p e ~ c i l  beam w i t h  due concern  f o r  e v e n t u a l  f a b r i c a t i o n  t e c h n i q u e s ,  
mechanical  s t a b i l i t y ,  and t h e  removal o f  h e a t  due t o  both  e l e c t r o n  
i n t e r c e p t i o n  and r f  d i s s i p a t i o n .  
Also w i t h i n  t h e  scope  of t h e  s t u d y  program were smal l -  and l a r g e - s i g n a l  
gain/bandwidth/efficiency p r o j e c t i o n s  based on s u i t a b l e  e l ~ t r o n - b e a m  
pz rame te r s ,  d a t a  ob t a ined  from t h e  "cold  t e s t s " ,  and cons ide red  e s t i m a t e s  o f  
even tua l  c i r c u i t  a t t e n u a t i o n .  S t u d i e s  were a l s o  made r e g a r d i n g  s e n s i t i v i t y  
t o  d imens ional  d e v i a t i o n s ,  r f  v o l t a g e  s t r e s s e s ,  and t h e  t empera tu re  r i s e s  
l i k e l y  t o  occur  under o p e r a t i n g  c o n d i t i o n s .  The p o s s i b l e  e f f e c t s  o f  t h e  
e x t r a n e o u s  modes of  p ropaga i ion  o f  t h e  " p r a c t i c a l "  s t r u c t u r e  r ece ivod  amr' 
c o n s i d e r a t i o n .  Approaches t o  t h e  e v e n t u a l l y  r e q u i r e d  i n p u t / o u t p u t  
waveguide/periodic-structure c o u p l e r s ,  znd " s e v e r f t ,  r e c e i v e d  some a t t e n t l r  .a 
but  no "nardware" c o n s t r u c t i o n  was i n i t i a t e d .  
The t o t a l  o f  t h e  c o n t r a c t  e f f o r t  may be viewed a s  having b i r t h e d  a  
promising new des ign  f o r  a  r e p r o d u c i b l e ,  e f f i c i e n t ,  narrow-band power 
a m p l i f i e r  a t  4 2  GHz, and l a i d  a n a l y t i c a l  and expe r imen ta l  f o u n d a t i m s  f o r  
op t imiz ing  its des ign  f o r  e v e n t u a l  manufac ture  and s e r v i c e  i n  m i l l i m e t e r -  
wave communications l i n k s  
2.2 QRIGINS 
TkT h i s t o r y ,  a t  l e a s t  f o r  t h e  U.S.,  r e c o r c s  t h a t  t h e  e a r l y  1950s saw an 
a p p r e c i a t i o n  o f  t h e  t h i n ,  f l a t  l a d d e r  a s  a  p r a c t i c s l  p e r i o d i c  s t r u c t u r e  a t  
m i l l i m e t e r  wavelengths ,  provided one cou ld  i n v e n t  a    low-wave i n t e r a c t i o n  
c i r c u i t  i n c o r p o r a t i n g  i t .  "* R e l i a b l e  and inexpens ive  l a d d e r  f a b r i c a t i o n  by 
photo-e tch ing  a  metal  f o i l  tias e n v i s i o n e d ,  and s o  was f a h r i c a t i o n  by winding 
wire  o r  t a p e  on a frame wi th  t h e  means used f o r  p r e p a r i n g  h e l i c e s .  However, 
a s  opposed t o  t h e  h e l i x  t u r n s ,  each l a d d e r  rung would be s o l i d l y  anchored a t  
i ts  ends ,  mechanica l ly  and t h e r m a l l y ;  hence t h e  p e r m i s s i b l e  l e v e l s  of beam 
and r f  power might exceed t h o s e  f o r  a h e l i x  f o r  comparable wavelengths.  
1 Also, i f  a  gl impse i n t o  t h e  f u t u r e  had been p o s s i b l e ,  t h e  proposed l a d d e r  
f a b r i c a t i o n  methods would have been h a i l e d  as  o b v i a t i n g  t h e  accumula t ion  of 
e r r o r s  i n  t h e  c i r c u i t  pe r iod  ( a s  is common wi th  f a b r i c a t i o n  by " a x i a l  
s t a c k i n g " ) .  
The f irst  c a n d i d a t e  ladder-based slow-wave c i r c u i t  s t u d i e d  was a p l a i n  
r e c t a n g u l a r  waveguide wi th  t h e  l a d d e r  s imply  i n s t a l l e d  i n  t h e  broad wall, 
t h e  rung span being q u i t e  a  b i t  less than  t h e  waveguide b r e a d t h . j  Slow-wave 
propagat ion  was ob ta ined  h e r e  ove r  a  u s e f u l  bandwidth ( ex tend ing  downward 
from t h e  half-wave resonance  f requency o f  a rung)  which became g r e a t e r  y e t  
;!hen a r i d g e  was in t roduced  w i t h i n  t h e  w a ~ e g u i d e . ~  (The use  o f  a s h i e l d  
ove r  t h e  l a d d e r ,  o u t s i d e  t h e  waveguide, was o p t i o n a l  s i n c e  wave slowing 
c o u n t e r i n d i c a t e s  r a d i a t i o n .  ) The propagat ion  was t1 forward waveu 
and -- drawing on r e s e a r c h  from a l a t e r  d a t e  -- t h e  bandwidth depended on 
both t h e  r idge - to - l adde r  c a p a c i t a n c e  and t h e  space  made a v a i l a b l e  f o r  l o o p s  
o f  r f  magnetic  f i e l d  t o  expand beyond t h e  rung anchor p o i n t s .  
D u r l ~ g  t h e  1950s and beyond, and i n  v a r i o u s  p a r t s  o f  t h e  world,  t h e  
s i n g l e  r i d g e  p l u s  t h i n ,  f l a t  ( o r  n e a r l y  f l a t )  l a d d e r  combinat ion appeared i n  
low-voltage t u b e s  -- p r i m a r i l y  BWOs -- for* f r e q u e n c i e s  up t o  300 GHz. 5-7 1 n  
the.. 3 d e s i g n s ,  t h e  d i s p o s i t i o n  o f  metal around t h e  rutig anchor  p o i n t s  
v a r i e d , 8  hence t h e  bandwidth c o n t r i b u t i x ~  from t h i s  f a c t o r , '  r e l a t i v e  t o  
t h a t  from t h e  l adde r - to - r idge  c a p a c i t a n c e ,  was not c o n s t a n t .  C u r r e n t l y  t h e  
i n t e r e s t  i n  cons ide rab ly  h ighe r  power l e v e l s  c o n s t r a i n s  t h e  rungs  t o  be  
anchored d i r e c t l y  and a t  90' t o  f l a t ,  s o l i d  walls1'  -- t o  maxia ize  rung 
coo l ing .  I n  t h i s  c a s e ,  t h e  bandwidth must be determined s o l e l y  by t h e  r i d g e  
c a p a c i t a n c e .  C o i n c i d e n t a l l y ,  most a n a l y t i c  e f f o r t s  t o  model t h e  s t r u c t u r e ' s  
f i e l d s ,  impedances, e t c . ,  s t i p u l a t e d  e x t e n s i v e  f l a t  walls normal t o  t h e  
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a r r a y  o f  rungs .  
C h a r a c t e r i s t i c  of  t h e  1950s and e a r l y  1960s wi th  r ega rd  t o  
millimecer-wave t u b e s  were beam v o l t a g e s  o f  a t  most a  few kV (and rf power 
l e v e l s  s o  low t h a t  s o l i d - s t a t e  d e v i c e s  have s i n c e  supp lan ted  t h e s e  t u b e s ) .  
To avoid s n  u n r e a s ~ n a b l y  f i n e  l a d d e r  p i t c h  it was n a t u r a l  t o  c o n s i d e r  o n l y  
space-harmonic i n t e r a c t i o n  a t  t h e s e  low beam v e l o c i t i e s .  (The beam-wave 
phase s h i f t  per  pe r iod  was between n and 2n f o r  a BWO and 2n t o  3n f o r  a n  
. 
- .  a m p l i f i e r . )  Thus, t h e  first p o i n t  made i n  H.C. Kosmahlts  1978 
p re sen ta t ion13  was t h a t  t h e  tens-of-kV beam v o l t a g e s  f avored  today would 
permit  non-space-harmonic o p e r a t i o n  a t  m i l l i m e t e r  wavelengths o f  a 
" foruard-wavett ladder-based a m p l i f i e r  wi th  a r e l a l  i v e l y  c o a r s e  p i t c h .  
S p e c i f i c a L l y ,  t h e  s u g g e s t i o n  o f  about  n13 phase s h i f t  pe r  pe r iod  a t  21 kV 
would r e q u i r e  c n l y  30 l a d d e r  rungs  pe r  cm (77  per  i n c h )  a t  42 CHz. 
O f  i t s e l f ,  fundamental /forwardn TWT i n t e r a c t i o n  i m p l i e s  a r e l a t i v e l y  
high r a t e  o f  g a i n  wi th  d i s t a n c e ,  b u t  Kosmahlts second po in t13  was t h a t  t h e  
g a i n  r a t e  would a l s o  b e n e f i t  from t h e  h igh  i n t e r a c t i o n  impedance associated 
wi th  t h e  l e d d e r .  P h i s  impedance is due i n  p a r t  t o  t h e  rung resonance  a t  a 
frequency c l o s e  t o  t h e  o p e r a t i n g  frequency and t h e  consequent  h i g h  
d i s p e r s i o n  and low group v e l o c i t i e s .  O f  c o u r s e ,  a r a t h e r  narrow "hot" 
bandwidth is  a s s o c i a t e d  wi th  t h e s e  c i r cums tances ,  b u t  Kosmahlts t h i r d  
poin t13  x a s  t h a t  many c u r r e n t  a p p l i c a t i o n s  might be  s a t i s f i e d  w i t h  t h i s  
narrow bandwidth i f  t h e  TWA were inexpens ive ,  s h o r t ,  e a s i l y  focused  and 
e f f i c i e n t  due t o  t h e  cho ice  o f  i n t e r a c t i o n  s t r u c t u r e  and t h e  h igh  g a i n  p e r  
u n i t  l e n g t h .  
I n  p a r t i c u l a r ,  a "hotn bandwidth i n  t h e  v i c i n i t y  o f  1% was p r o j e c t e d  
f o r  t h e  mid-band phase v e l o c i t y  o f  0.267 c ( c  = 3ElO cm/sec) and group 
v e l o c i t y  o f  about  0 . 0 5 3 ~  ( w i t h  t h e s e  va lues  d e c r e a s i n g  a t  t h e  rates o f  4.32 
and 132, r e s p e c t i v e l y ,  pe r  p e r c e n t  i n c r e a s e  i n  f r equency) .  T h i s  bandwidth 
p r e d i c t i o n  ( a t  low beam perveances)  i s  l a r g e l y  e s t a b l i s h e d  by t h e  a n g l e  o f  
i n t e r s e c t i o n  between t h e  w-8 curve  and t h e  "beam v o l o c i t y n  l i n e  on t h e  
S r i l l o u i n  diagram. Because t h i s  ang le  is a p p r e c i a b l e  h e r e ,  t h e  f requency 
v a r i a t i o n  af t h e  synchronism parameter  w i l l  a f f e c t  t h e  "hotn  bandwidth much 
more than t h e  f requency v a r i a t i o n  o f  any o t h e r  parameter  ( such  as 
impedance). Any U-0 curve  should  t h e r e f o r e  l e a d  t o  about  t h e  same "liotn 
bandwidth if the  phase and group v e l o c i t i e s  (and  hence t h e  i n t e r s e c t i o n  
a n g l e )  a r e  r e p l i c a t e d .  
P r i o r  t o  d e v i s i n g  and e v a l u a t i n g  TWT d e s i g n s  t h a t  would both  b e  
p r a c t i c a l  and embody t h e  p r i n c i p l e s  p re sen ted  above,  some c o l d - t e s t  
expe r imen ta t ion  was under taken  wi th  an  i n t e n t i o n a l l y  s i m p l i f i e d  slow-wave 
str1;ctui.e.  An o b j e c t i v e  he re  wzs to  become f a m i l i a r  wi th  and o p t i m i z e  t h e  
procedures  f o r  measuring d i s p e r s i o n  and impedance, and t o  obse rve  t h e  
effects of  dimensional  changes i n  a geometry f e a t u r i n g  t h e  b a s i c  s t r u c t u r a l  
e lements  -- rungs ,  r i d g e  and s i d e  walls. I n  a d d i t i o n ,  i n t e rac t ion - impedance  
measurements might  provide  suppor t  f o r  t h e  high-impedance premise.  Along 
wi th  t h e  d i s p e r s i o n  c u r v e s  ob ta ined  f o r  v a r i o u s  v a l u e s  of t h e  geomet r i c  
pa rame te r s ,  t h e  impedance d a t a  would be supp l i ed  NASA-LeRC pe r sonne l  f o r  
comparison wi th  a n a l y t i c a l l y  p r o j e c t e d  v a l u e s ,  t e s t i n g  t h e  ffierit o f  new 
a n a l y t i c a l  t echn iques  they  had devised13 and would be p e r f e c t i n g  and 
extending  i n  t h e  f u t u r e  t o  t h e  b e n e f i t  of  t h e  microwave-c i rcui t s  community. 
F i g u r e  1 d e s c r i b e s  t h e  c o l d - t e s t  " r e fe rencen  model c o n s t r u c t e d  w i t h  
dimensions p rov id ing  a passband ex tend ing  downward from abou t  3.2 GHz. ( I n  
t h i s  i n s t a n c e ,  any p ropaga t ion  p o s s i b l e  a t  h ighe r  f r e q u e n c i e s  would not  be 
o f  i n t e r e s t  even i f  ev idence  o f  it had been observed . )  The m a t e r i a l s  used 
were aluminum, copper  and s i l v e r - p l a t e d  b r a s s ,  wi th  s i l v e r - l o a d e d  l a c q u e r  
a p p l i e d  t o  e n s u r e  c o n t a c t  a t  t h e  v a r i o u s  j o i n t s .  
I n  t h e  l o n g i t u d i n a l  view, t h e  s t r u c t u r e  is e i g h t  p e r i o d s  long ,  as 
determiqed by s h o r t - c i r c u i t i n g  "end p l a t e s w  l o c a t e d  s o  t h a t  t h e  images o f  
t h e  l a d d e r  i n  t h e s e  "mirrars" make it appear  con t inuous  and e n d l e s s .  I n  
consequence, t h e  s t r u c t u r e  should  r e s o n a t e  e l e c t r i c a l l y  a t  e i g h t  f r e q u e n c i e s  
w i t h i n  t h e  passband,  though some resonances  c l o s e l y  spaced i n  frequency 
might not  be s e p a r a t e l y  r e s o l v a b l e  i n  t h e  presence  o f  c i r c u i t  a t t e n u a t i o n .  
The d i s p e r s i o n  cu rve  is a p l o t  o f  t h e s e  f r e q u e n c i e s  v s  t h e  co r re spond ing  
phase s h i r t  per  p e r i o d ,  e = nn/8  where n = 1 ,  2 ,  3 . . . ,  8. (To v e r i f y  t h e  
va lue  o f  n ,  t h e  s t a n d i n g  wave a long  t h e  l a d d e r  can be i d e n t i f i e d  from t h e  
p e r t u r b a t i o n s  i n  resonance  f requency caused by s small metal bead t r a v e l i n g  
a x i a l l y  on a nylon t h r e a d . )  To e x c i t e  t h e  s t r u c t u r e  e l e c t r i c a l l y ,  s m a l l  
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Figure 1. Essentials of eight-period cold-test model of basic forward-wave ladder circuit. 
(All dimensions in mm.) 
coupl ing probes (E- o r  H- t ype  o r  both) a r e  i n s e r t e d  through t i n y  h o l e s  i n  
t h e  end p l a t e s  provided f o r  t h i s  purpose o r  f o r  t h e  passage of metal  o r  
d i e l e c t r i c  "pe r tu rbe rsn  . 
Refer r ing  t o  the  t r a n s v e r s e  view ( F i g u r e  1 ) , t h e  s idewal l  spacing was 
maintained equal  t o  t h e  rung l eng th  which was c o n s t a n t  a long wi th  t h e  
pe r iod ,  p, t h e  gap-to-period r a t i o ,  and t h e  r i d g e  width. The v a r i a b l e s  were 
t h e  l adder  th ickness ,  t h e  r idge-to-ladder spacing,  and t h e  o p t i o n  o f  a 
second r i d g e ,  symmetrically disposed.  The t h i c k e r  of  t h e  two l a d d e r s  used 
(1.27 am o r  0.050 inch t h i c k )  was a b l e  t o  have a s n a i l  tunnel  on t h e  a x i s  t o  
accommodate a very s l e n d e r  sapph i re  rod ( r e l a t i v e  d i e l e c t r i c  c o n s t a n t  = 
9.580 2 0.2711, 0.831 mm (0.0327 inch)  2 0.15% i n  diameter .  The pe rcen t  
downward s h i f t  i n  resonance frequency ( 100 A f / f )  due t o  t h e  i n s e r t i o n  o f  
t h i s  rod is a measure o f  t h e  i n t e r a c t i o n  impedance on t h e  a x i s  ( i n s o f a r  as 
t h e  rod is very t h i n  and i n t e r a c t s  n e g l i g i b l y  with any t r a n v e r s e  E f i e l d s  
p resen t  1 . 
S p e c i f i c a l l y ,  the  "Kino impedancen is p ropor t iona l  t o  Af/f d iv ided by 
t h e  group v e l o c i t y  at  f ;  t h e  "Pierce  impedancen is propor t iona l  to  t h e  Kino 
impedance divided by t h e  square  o f  8 = O/p. Spec i fy ing  impedances a s  "on 
t h e  a x i s n  does not  imply t h a t  an e l e c t r o n  beam might be provided t h e r e ;  i n  
t h i s  i n s t a n c e  the  s t r u c t u r e  o f  Figure  1 is  being c h a r a c t e r i z e d  without any 
e l e c t r o n  s t x a m  envis ioned.  
The d a t a  obta ined were p rev ious ly  supp l i ed  NASA-LeRC i n  both g raph ic  
and t a b u l a r  form (wi th  resonance f requenc ies  and percent  frequencv s h i f t s  
s t a t e d  with 5 and 4 s i g n i f i c a n t  f i g u r e s ,  r e s p e c t i v e l y )  bu t  on ly  'he g raphs  
a r c  reproduced here .  F igures  2 and 3 show t h e  e f f e c t s  o f  v a r y i ~ g  t h e  
r idge- to - l a lde r  s e p a r a t i o n ,  f o r  t h e  s ing le - r idge  and double-ridge c c s e s  and 
the  t h i c k e r  o f  t h e  two l a d d e r s  a v a i l a b l e .  It is c l e a r  t h a t  t h e  g r e a t e r  t h e  
load in8  a t  t h e  l adder  c e n t e r ,  t h e  lower t h e  e i s p e r s i o n .  However, f o r  t h e  
double-ridge c a s e ,  t h e  e f f e c t  is l e s s  than f o r  a s i n g l e  r i d g e  pos i t ioned  
twice a s  c l o s e  t o  the  l adder .  
When two r i d g e s  a r e  used,  they could s e r v e  as the  ccnductors  of a 
two-wire t ransmiss ion l i n e  w i t h  t h e  l adder  l y i n g  i n e f f e c t u a l l y  i n  an  
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Figure 2. Dispersron and impedance measurement data for circuit model of Figure 1 
with single ridge various distances from 1.27 mm ladder. 
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Figure 3. Dispersion and impedance measurement data for circuit model of Figure 1 with 
two symmetrical ridges and various spacings from 1.27 mm ladder. 
e q u i p o t e n t i a l  p lane .  The d i s p e r s i o n  cu rve  f o r  t h i s  ex t r aneous  TFM-mode 
"fast-wave" propagat ion  would be t h e  l i n e  v = c ,  w i t h  3.6 GHz as t h e  l o w e s t  
p o s s i b l e  resonance  f requency f o r  t h e  model c o n s t r u c t e d .  I n  a d d i t i o n  t o  t h i s  
f requency be ing  beyond t h e  range  examined, t h e  mode i n  q u e s t i o n  should  n o t  
be e x c i t a b l e  by t h e  coup l ing  probes  used.  T h i s  i s s u e ,  a l o n g  wi th  o t h e r s  
d i s c u s s e d  i n  s i m i l a r  d e t a i l ,  may appear  minor b u t  w i l l  be s een  t o  be 
r e l e v a n t  t o  t h e  c i r c u i t  s t u d i e s  covered i n  l a t e r  s e c t i o n s .  
While t h e  t h i c k e r  l a d d e r  was i n  t h e  assembly,  a t t e m p t s  were made t o  
compare t h e  sapphire--rod p e r t u r b a t i o n s  ob ta ined  us ing  t h e  c e n t r a l  t u n n e l  
w i th  t h o s e  o b t a i n a b l e  wi th  t h e  a x i a l  rod  l y i n g  on one o f  t h e  l a d d e r  
s u r f a c e s ,  toward or away from t h e  s i n g l e  r i d g e .  The d a t a  s u p p l i e d  NASA-LeRC 
covered two v a l u e s  o f  0 f o r  each o f  two v a l u e s  o f  r i dge - to - l adde r  s p a c i n g ,  
h ,  and were c o n s i s t e n t  wi th  e x p e c t a t i o n s  r e g a r d i n g  t h e  deg ree  o f  asymmetry 
produced by moving t h e  r i d g e  c l o s e r .  However, i n t e r a c t i o n  o f  t h e  rod w i t h  
t r a n s v e r s e  E f i e l d s  would c l e a r l y  be s i g n i f i c a n t  h e r e  making i n t e r p r e t a t i o n  
o f  t h e  d a t a  problemat ic .  
F i g u r e  4 shows t h e  e f f e c t  o f  t h e  l a d d e r  t h i c k n e s s  f o r  a c o n s t a n t  
r i dge - to - l adde r  s p a c i n g  -- f o r  each o f  t h r e e  v a l u e s  o f  t h i s  spac ing .  S i c c e  
i t  is  p o s s i b l e  t o  d e f i n e  t h i s  spac ing  e i t h e r  on a su r f ace - to - su r face  b a s i s  
o r  on a s u r f a c e - t o - c e n t e r l i n e  b a s i s ,  both i n t e r p r e t a t i o n s  were accounted  
f o r ,  where f e a s i b l e ,  i n  p repa r ing  F i g u r e  4. 
F i g u r e  5 shows t h e  f requency dependence o f  K t ,  a q u a n t i t y  p r o p o r t i o n a l  
t o  t h e  on-axis  P i e r c e  impedance, measured wh i l e  va ry ing  t h e  r idge - to - l adde r  
c a p a c i t a n c e  and ho ld ing  t h e  r e s t  o f  t h e  geometry f i x e d  ( F i g u r e s  2 and 3 ) .  
For  a g iven  resonance f requency f i n  GHz, 
where 
K ,  p e r c e n t  s h i f t  i n  resonance  f requency upon i n s e r t i o n  
o f  s p e c i f i e d  s a p p h i r e  rod ;  
ORIGINAL B&CE 
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45 90 O 135 180 
Phase S h i f t  p e r  P e r i o d  
- 
curve thickness 
(m) (nun) (m) 
- - .  
1.27 1.64 2.28 
0.51 2.02 2.28 - 
1.27 3.18 3.81 
0.51 3.56 3.81 
0.51 3.18 3 $3 . 
1.27 6.35 6.98 ' 
0.51 6.73 6.99 - 
Figure 4. Dispersion data for model of Figure 1 with single ridge, 1.27 or 0.51 mm ladder 
thickness, and various distances from ridge to ladder surface or centerline. 
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Figure 5, Impedance measurement data of Figures 2 and 3, for three ridgelladder 
spachgs, processed to show freque;lcy dependence of Pierce impedance. 
K2 = r a d i a n  phase s h i f t  per per iod i n  u n i t s  of  n/8; and 
K3 = g r a p h i c a l l y  determined s lope  o f  d i s p e r s i o n  curve ,  
af/aK2, i n  those  u n i t s .  
F igure  5 sugges t s ,  f o r  a t h i n ,  f l a t  l adder  geometry where only  t h e  r i d g e  
loading is changed, t h a t  t h e  P i e r c e  impedance is a func t ion  of t h e  frequency 
. 
a lone ,  and not t h e  number o f  r i d g e s  o r  t h e i r  c loseness  t o  t h e  l a d d e r .  
However, it is t o  be noted t h a t  f o r  a f ixed  frequency ( a  h o r i z o n t a l  l i n e  i n  
the  upper por t ion  o f  F i g u r e s  2 o r  31, varying t h e  r i d g e  loading causes  l a r g e  
changes i n  u n i t  phase s h i f t ,  6 = Bp, and i n  the  synchroniz ing beam vo l t age .  
These f a c t o r s  should t h e r e f o r e  be considered before  drawing conclus ions  
regard ing  gain  and bandwidth from Figure  5. 
2.4 PRACTICAL CONCERNS 
I n t e r a c t i o n - s t r u c t u r e  geometries d i f f e r i n g  l i t t l e  from t h a t  o f  Figure  1 
were p r a c t i c a l  enough those  many y e a r s  ago 95-7 when t h e  o rde r  o f  10 2 10 
2 dBm of rf output  power went along with beam power d e n s i t i e s  below 10 kW/cm . 
Such beams could be in t roduced a s  a f lood o f  magnet ica l ly  confined e l e c t r o n s  
(from non-convergent g u m )  with t h e  only  thermomechanical concern being t h e  
p o s s i b i l i t y  of  some rung buckl ing.  (This  was e i t h e r  prevented by winding 
tungsten tape  under t e n s i o n ,  o r  e l s e  allowed t o  occur f o r  copper t a p e s  
pre-arched s l i g h t l y  i n  one d i r e c t i o n . )  
Today, an output-power requirement of  56 + 3 dBm CW a t  42 GHz c r e a t e s  a 
very d i f f e r e n t  s i t u a t i o n .  Beam power d e n s i t i e s  of  t h e  o rde r  a few MW/cm 2 
would be necessary  and pencil-beam o p t i c s  would be the  only means f o r  making 
t h i s  manageable from t h e  viewpoints o f  both t h e  gun and t h e  i n t e r a c t i o n  
s t r u c t u r e .  On the  i n t e r a c t i o n  s t r u c t u r e  s i d e ,  a  low percentage i n t e r c e p t i o n  
is  c o n s i s t e n t  with having a p e n c i l  beam i n  a round wtunne ln  with a des ign 
f i l l i n g  f a c t c r  not exceeding 67%. (The beam/ci rcui t  clearance i n  t h i s  
c i r c u l a r  case  a l s o  r e p r e s e n t s  l e s s  decrement of  i n t e r a c t i o n  impedance a t  t h e  
beam edge than would the  same c lea rance  i n  the  p lanar  case . )  On t h e  gun 
2 
s i d e ,  t h e  r e q u i s i t e  100 A/cm o r  more o f  besm-current d e n s i t y  is c o n s i s t e n t  
w i t h  a  conven t iona l  axisymmetric  gun s u f f i c i e n t l y  conve rgen t  t o  avoid  undue 
ca thode  l o a d i n g .  
F i g u r e  6  d e p i c t s ,  i n  t r a n s v e r s e  s e c t i o n ,  an  i n t e r a c t i o n - s t r u c t u r e  
d e s i g n  proposed e a r l y  i n  t h e  c o n t r a c t  t o  both  c a p i t a l i z e  on t h e  e l e c t r i c a l  
p r o p e r t i e s  o f  t h e  c i r c u i t  o f  F i g u r e  1 ,  and accommodate s high-power p e n c i l  
beam and t h e  a s s o c i a t e d  r f  power l e v e l s .  (The l a d d e r  pe r iod  and rung  
d imens ions  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  would be a s  shown a t  t h e  t o p  of  
F i g u r e  1 ,  a s sun ing  t h e  same f2equency-sca l ing  f a c t o r . )  The c i r c u i t  of 
F i g u r e  6 can be viewed e i t h e r  a s  two l a d d e r / r i d g e  combina t ions  i n  p a r a l l e l ,  
o r  a s  one l a d d e r  w i th  two r i d g e s ,  s a i d  l a d d e r  be ing  s p l i t  i n t o  two h a l v e s  
s e p a r a t e d  a t  t h e  c e n t e r  s u f f i c i e n t l y  t o  c r e a t e  a  n o n - c i r c u l a r  t u n n e l  f o r  t h e  
p e n c i l  beam. Another f e a t u r e  o f  t h i s  d e s i g n  is t h e r m a l l y  conduc t ing  
d i e l e c t r i c  strips t o  suppor t  each  l a d d e r  h a l f  r e l a t i v e  t o  t h e  a d j a c e n t  
r i d g e .  
E l e c t r o n - o p t i c a l l y  and thermomechanica l iy ,  t h e  t e n t a t i v e  d e s i g n  o f  
F i g u r e  6 has  s e v e r a l  advantages  which were r e t a i n e d  a f t e r  t h i s  d e s i g n  g a v e  
way t o  a n o t h e r .  The unconvent iona l  t u n n e l  c r o s s - s e c t i o n  should  a l l o w  beam 
i n t e r c e p t i o n  on ly  a t  t h e  l a d d e r  c e n t e r s  where t h e  h e a t  produced would b e  
evacuated  d i r e c t l y  t h rough  t h e  d i e l e c t r i c  suppor t  r o d s  which a l s o  f i x  t h e  
p o s i t i o n  o f  each rung i n  t h r e e  d imens ions .  Given t h a t  t h e  rf c u r r e n t s  on a 
l a d d e r  rung i n c r e a s e  from z e r o  a t  t h e  rung c e n t e r  t o  a maximum a t  each  rung 
end,  rf h e a t i n g  should  be l o c a l i z e d  nea r  t h e  rung  ends  where c o o l i n g  is 
provided by t h e  ample s i d e  w a l l s .  In  consequence o f  t h e s e  c o n s i d e r a t i o n s ,  
t h e  power-handling c a p a b i l i t y  o f  t h e  l a d d e r s  shown should  be c o n s i d e r a b l e .  
An a p p r o p r i a t e  c o l d - t e s t  model f o r  t h i s  s low-wave-circui t  d e s i g n ,  
s c a l e d  16:1, wss assembled and t e s t e d .  A t y p i c a l  mapping o f  i t s  
p ropaga t ion  c h a r a c t e r i s t i c s  is reproduced i n  F i g u r e  7 .  S i n c e  t h e  
l a d d e r / r i d g e  s p a c i n g  he re  was 3.18 mm, and t h e  d i e l e c t r i c  had been o m i t t e d ,  
i t  is no t  s u r p r i s i n g  t h a t  t h e  lower w-6  c u r v e  i n  F i g u r e  7 is c l o s e  t o  t h e  h  
= 3 - 1 8  mm w-B cu rve  o f  F i g u r e  3.  T h i s  i l l u s t r a t e s  t h a t  t h e  l a d d e r  can  be  
made non-planar  wi th  l i t t l e  change i n  e l e c t r i c a l  p r o p e r t i e s ;  i n  subsequent  
d e s i g n s  t h e  d e v i a t i o n  from p l a n a r i t y  was made even g r e a t e r .  
Firure 6. Essentials of double-ridge cold-test model with ladder of two layers arched 
apart at center. (Longitudinal section is same as at top of Figure 1; all 
dimensions in mm.) 
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Figure 7. Dispersicrl curves for two modes of circuit model of Figure 6 at ridgelladder 
spacing of 2 18 mm. 
Another very important  point  t o  be made by inc lud ing  F igures  6 and 7 
here  concerns t h e  mode of p r o p a g a t i o ~  not previously  
manifes ted .  Its ' ~ - 0  c h a r a c t e r i s t i c  is t h e  upper one i n  Figure  7. Since t h e  
l o n g i t u d i n a l  E f i e l d ,  E Z ,  is zero  on t h e  a x i s  f o r  t h i s  mode, it would not 
u s u a l l y  be a use fu l  mode. However, i n t e r c c t i o n  is c e r t a i n l y  poss ib le  w i t h  a  
f in i t e -d iamete r  beam, and when the  two u-I3 curves  a r e  a s  c l o s e  a s  they a r e  
i n  Figure 7 ,  the  l ike l ihood  of impaired TWT performance is cons ide rab le .  
(No p o s s i b l i t y  o f  d i f f e r e c t i a l  l o s s  loading e x i s t s  he re ,  nor is i t  l i k e l y  
t h a t  the  input /output  end coup le r s  f o r  the  c i r c u i t  could e a s i l y  be designed 
so a s  t o  d e f e a t  ne t  ga in  f o r  t h e  an t i synmet r i c  mode without adverse ly  
a f f e c t i n g  the  symmetric mode.) 
S ince  both  odes a r e  a b l e  t o  propagate i n  the  in teracb!on-s t ructure  
des igns  s tud ied  h e r e a f t e r ,  a  review of t h e  mode d i s t i n c t i o n s  is  i n  o rde r :  
For the warited m t r i c  ( o r  even) mode, each r i d g e  and l adder  has the  same 
r f  p o t e n t i a l  a s  i ts  oppos i t e  member i n  =I given t r a n s v e r s e  p lane .  On t h e  
a x ~ s ,  Ez i s  f i n i t e  though somewhat r e d u x d  from i ts  s t r e n g t h  a t  the  l adder  
sd r face .  For t h e  problematic antisvmu&rk ( o r  PQd) mode, each r i d g e  o r  
l adder  is i n  r f  an t iphase  with its oppos i t e  member, c o n s i s t e n t  with 
t r a n s v e r s e  E-f ie ld  l i n e s  c r o s s i n g  t h e  midplane (A-A i n  F igure  6 ) .  As f o r  
E Z ,  it is zero not o r l y  on the  a x i s  but everywhere i n  midplane A-A. A l l  t h e  
p r o p e r t i e s  o f  t h i s  mode can thus  be accounted f c r  most r e a d i l y  by imagining 
plane A-A a s  a conducting s u r f a c e ,  wi1,h t h e  c i r c u i t r y  below A-A se rv ing  
merely a s  t h e  e l e c t r i c a l  image o f  t h a t  above. It would then follow t h a t  t h e  
two w-B curve:. w i l l  d i f f e r ,  bu t  not by very much, i n  the  case  of  Fig~i.-c! 6 .  
The e n t i r e  body of  ideas  reviewed above was u t i l i z e d  i n  a r r i v i n g  a t  t h e  
proposed 42 GHz "TunneLadderW i n t e r a c t i o n - s t r u c t u r e  geometry desc r ibed  by 
Figure  8 .  Two r i d g e s  2 i a s i n g i e  l a d d e r ,  a s s e m b l ~ ~ d  f 'ros two i d e n t i c a l  
components, cont inue t,o be ev iden t .  The shaping of t h e  l adder  ha lves  
provides a q u a s i - e l l i p t i c 2 1  beam tunnel so  t h a t  beam i n t e r c t y t i o n  w i l l  occur 
predominantly a t  the  two p o s i t i o n s  where hea t  can t r a v e l  d i r e c t l y  outward 
















































































































































r e s u l t s  i n  a l a r g e  i n c r e a s e  i n  t h e  f requency a t  which antisymmetric-mode 
i n t e r a c t i o n  might be p o s s i b l e .  S p e c i f i c a l l y ,  t h e  r a t i o  o f  t h i s  f requency t o  
t h e  syme t r i c -mode  o p e r a t i n g  f requency roughly  e q u a l s  t h e  r a t i o  o f  t h e  t o t a l  
rung l e n g t h  t o  h a l f  t h e  c i r cumfe rence  o f  t h e  q u a s i - e l l i p t i c a l  t unne l .  
Ekper imenta l  d a t a  f o r  t h e  two modes are covered i n  S e c t i o n  4.3. 
A d d i t i o n a l l y ,  i n s o f a r  as t h e  t u n n e l  o r  "eyew is small compared wi th  t h e  rung 
l e n g t h ,  t h e  az imutha l  v a r i a t i o n  of  Ez a t  t h e  beam edge w i l l  be minimal f o r  
t h e  symmetric mode. 
F i g u r e  8 a l s o  i n d i c a t e s  t h e  p roposa l  o f  Type IIA diamond r o d s ,  
nominal ly  0.25 nm s q u a r e  i n  c r o s s - s e c t i o n ,  as s u p p o r t  r o d s  o f  h igh  the rma l  
c o n d u c t i v i t y  running  t h e  f u l l  l e n g t h  of t h e  c i r c u i t  s t r u c t u r e .  The copper  
o f  t h e  l a d d e r  rungs  2nd r i d g e s  would be zirconium doped to  e f f e c t  s t r o n g  
thermocompression bonds t o  t h e  diamond r c d s  wi thout  the r i s k  o f  
contaminat ing  t h e  exposed diamond s u r f a c e s .  F u r t h e r  d e t a i l s  r e l a t i n g  t o  
t h e s e  r o d s  and t h e  bonding are d i scussed  i n  Chapter  3. A s  noted p r e v i o u s i y ,  
rf h e a t i n g  o f  t h e  l a d d e r  rungs  is r a t h e r  well s e p a r a t e d  s p a t i a l l y  from t h e  
beam-interception h e a t i n g ,  w i th  t h e  r f - d i s s i p a t i o n  h e a t  f lowing for t h e  most 
p a r t  d i r e c t l y  t o  t h e  s i d e  calls. The conf i rmatory  r e s u l t s  o f  a q u a n t . i t a t i v e  
thermal  a n a l y s i s  a r e  reviewed i n  Chapter  7. 
2.6 -" TUT VS - 'u 
S i n c e  t h e  proposed a m p l i f i e r  is based on non-space-harmonic 
i n t e r a c t i o n ,  a forward-wave c i r c u i t ,  and a round beam t u n n e l ,  comparison is 
i n v i t e d  wi th  a helix-TWT d e s i g n  f a r  t h e  same frequency r eg ion .  Tht  major 
d i f f e r e n c e s  appear  t o  focus  on t h e  reduced bandwidth and accompanying 
inc reased  i n t e r a c t i o n  impedance i n  t h e  TunneLadder c a s e .  S p e c i f i c  
comparison  ill be made wi th  a p a r t i c u l a r  mil l imeter-wave helix-TWT d e s i g n  14 
being developed a t  Var ian  under t h e  d i r e c t i o n  o f  A .  Jacquez  ( F i g u r e  9). I n  



































































and &~zirc/diamond bonding technology applying t o  F igure  8 were taken a t  t h e  
o u t s e t  from Figure  9 (drawn here  t o  t h e  same scale). The angled c o n t o u ~  of  
t h e  r i d g e  s u r f a c e  fac ing  t h e  l adder  i n  Figure  8 s e r v e s  t o  p o s i t i o n  t h e  
diamond rod with less r i s k  o f  s t r e s s i n g  t h e  bonded diamond than a s t r a i g h t -  
s ided  groove might e n t a i l ;  t h e  idea  was taken f'rom t h e  ahape o f  t h e  co9per 
s t r i p s  in te rposed  between rods and b a r r e l  i n  F igure  9. 
Fur ther  p o i n t s  o f  comparison r e l a t i n g  t o  des ign  d e c i s i o n s  Kay be l i e t e d  
as follows: 
Operating frequency ( CHz) 
Beam tunnel  diam. (mm) 
N o m i n a l  beam diam. (mm) 
Beam vol tage  (kV j 
nicroperveance 
Beam c u r r e n t  ( m ~  ) 
Beam power (kk) 
nin.  des i red  rf ou tpu t  
power (W, CV) 
B r l l l o u i n  f i e l d  (gauss)  
Tape s i z e  ( u m )  
P e r i o d i c i t y  ( turns/cm) 
Support  system 
In te rc2p t ion  heat ing 
RF-dissi pat ion hea t ing  
100 
1840 
76 x 254 
20 
3 diamond r o d s  
around c i r c l e  
42 (1  J bandwidth) 
0.61 
0.4 1 





64 x 152 
30 
2 diamond rods  a t  
c e n t e r  o f  t a p e s ,  
anchored t o  s i d e  
walls a t  enCs 
uniform around l o c a l i z e d  near  
c i r c l e  c e n t e r  of t apes  
un i  f crm around r o z t l y  neer  
c i r c l e  anchored ends o f  
t a p e s  
Additional po in t s  o f  comparison r e l a t i n g  t o  inherent  p r o p e r t i e s  o f  t h e  
two slow-wave s t r u c t u r e s  a r e  a s  fol lows.  The j u s t i f i c a t i o n  f o r  scme of 
these  s ta tements  is made i n  l a t e r  s e c t i o n s  o f  t h i s  r e p o r t .  
Rela t ive  i n t e r a c t i o n  i ~ p e d a n c e  low 
on axis; g a i n / u n i t  l e n g t h  
high 
R e l a t i v e  tube l e n g t h  long s h o r t  
Re la t ive  copper l o s s e s  high low 
R e l a t i v e  r f  e l e c t r i c  f i e l d s ;  low 
p o t e n t i a l  d i e l e c t i 9 i c  I o s s e s  
h igh 
R e l a t i v e  s e n s i t i v i t y  t o  
dimensional  d e v i a t i o n s  
low hi a h  
With regard  t o  s t a b i l i t y ,  n-point o s c i l l a t i o n  needs t o  be considered i n  
t h e  h e l i x  TWT, wi th  a "ve loc i ty  s t e p n  planned f o r  suppress ion purposes.  
S t a b i l i t y  concerns i n  t h e  TunneLadder c a s e  r e l a t e  to  two extraneous  modes of 
slow-wave propagation: t h e  aforementioned antisymmetric l a d d e r  mode and 
ano the r  mode (see later) wi th  a passband a t  y e t  h igher  f r equenc ies .  
Provided the  p o t e n t i a l  beam-interaction f requenc ies  f o r  t h e s e  modes a r e  very  
high r e l a t i v e  t o  t h e  opera t ing  frequency,  t h e  l i k e l i h o o d  o f  o s c i l l a t i o n  is 
remote. 
Both t h e  h e l i x  and TunneL.adder s t r u c t u r e s  permit  a TE " f a s t w  wave t o  
propagate along them a t  t h e  s i g n a l  frequency. E l e c t r o n i c  i n t e r a c t i o n  cannot  
occur ,  b u t  i f  conversion o f  s i g n a l  power t o  t h i s  mode t a k e s  p lace ,  t h e  
converted power can feed back toward t h e  i n p a t  and s u s t a i n  o s c i l l a t i o n  upon 
0 
reconvers'on. I n  t h e  h e l i x  c a s e ,  i t  is t h e  " b a r r e l n  t h a t  s u p p o r t s  a TEll 
wave a s  i f  t h e  h e l i x  were almost  t r a n s p a r e n t ,  and it is pr imar i ly  t h e  r a d i a l  
input /output  connecting wire a t  a h e l i x  end t h a t  conver t s  a smal l  amount of 
s i g n a l  power t o  t h i s  mode. However, t h e  r e s i s t i v e  c o a t i n g  normally a p p l i e d  
tc d i e l e c t r i c  suppor t  rods  t o  e f f e c t  a "severn for t h e  h e l i x  slow wave is 
a l s o  an adequate absorber  o f  fast-wave power. 
I n  t h e  TunneLadder c a s e ,  t h e  two r i d g e s  suppor t  a TEM wave as i f  they  
were t h e  conductors of a two-wire t ransmiss ion l i n e  and t h e  l adder  were 
e s s e n t i a l l y  t r a n s p a r e n t .  (Th i s  a p p l i e s  a t  the  o p e r a t i n g  frequency which is 
wel l  below t h e  f requenc ies  a t  which t h i s  mode t u r n s  i n t o  t h e  slow-wave 
antisymmetric l adder  mode.) Conversion t o  t h i s  m d e  from t h e  symmetric 
slow-wave l adder  mode would be caused by asymmetrical imper fec t ions  on t h e  
c i r c u i t  o r  i n  t h e  end t r a n s i t i o n s  to  waveguide. The converted wave might be 
cance l l ed  dynamically by mechanically a d j u s t i n g  asymmetric coun te rba lances  
i n  t h e  end coup le r s ,  o r  else absorbed by the  r e s i s t i v e  c o a t i n g  on t h e  
d i e l e c t r i c  suppor t  rods  t h a t  a l s o  provides  a nsevern  f o r  t h e  l adder  slow 
wave. 
Although t h e  slow-wave c i r c u i t  o f  F igure  8 is not f a b r i c a t e d  wi th  
r i n g s ,  t h e  s t r u c t u r e  does e f f e c t i v e l y  con ta in  a s e r i e s  of r i n g s ,  spaced 
a long t h e  a x i s .  These r i n g s  a r e  not  in te rconnec ted  by a s i n g l e  a x i a l  
connection.  a s  i n  the  "ring-bar" c i r c u i t ,  nor  by t h e  two a x i a l  connect ions  
o f  Crepeau and I t zkan ' s  c i r c u i t .  l 5  Nei ther  a r e  t h e  rings supported by two 
f l a t  f i n s  a s  i n  t h e  wring-planew c i r c u i t .  l However, t h e  "ring-plane" 
re fe rence  work16 does cons ide r  t h e  p o s s i b l i t y  o f  s l i t t i n g  each "planen t o  
form a comb1? such t h a t  the  topology of  F i g w e  8 is f a i r l y  well reproduced,  
18 (wi th  t h e  op t ion  of a d d i t i o n a l  r i d g e  load ing  1. Actua l ly ,  us ing  t h e  
n o t a t i o n  e s t a b l i s h e d  For ring-based s t r u c t u r e s ,  t h e  Tun~ieLadder c i r c u i t  can 
be viewed a s  3 "ring-stub" c i r c u i t ,  wi th  r i d g e  loading.  I n  any even t ,  t h e  
e x i s t e n c e  o f  p a i r s  o f  propagating modes, corresponding t o  t h e  r i n g  ha lves  
being i n  phase o r  ant i -phase ,  is amply focused on i n  t h e  r e f e r e n c e s  c i t e d .  
The most advanced use o f  t h e  r ing-s tub s t r u c t u r e ,  with r i d g e  load ing ,  
was undertaken a t  Thomson-CSF. 19920 The e s s e n t i a l s  o f  t h e  c i r c u i t  des ign  
a r e  shown i n  Figure  10. The p ropor t ions  o f  t h e  r i n g s  and s t u b s  he re  a r e  
such t h a t  t h e  symmetric and antisymmetric modes o f  propagatiofi a r e  very  
c l o s e  i n  - space ,  hence t h e  a d d i t i o n  o f  a p a i r  of " s t r a p s n  per per iod t o  
a t  l e a s t  raise t h e  paasband f requenc ies  of t h e  antisymmetric mode wi th  
l i t t l e  change f o r  the  symmetric mode. (There  would be no z ~ t i s y m m e t r i c  mode 
only i f  it were p o s s i b l e  f o r  t h e  s t r a p s  t o  have ze ro  inductance ,  s o  t h e  
r i d g e s  would have t o  be a t  t h e  same rf p o t e n t i a l . )  Refe r r ing  t o  t h e  des ign  
of F igure  8, t h e  a d d i t i o n  o f  r idge- to-r idge s t r a p p i n g  ( through t h e  spaces  
between l adder  rungs) would be inconceivable  a t  mi l l ime te r  wavelengths. 
Conveniently,  t h e  geometry shown f o r  t h e  TunneLadder s t r u c t u r e  o f  i t s e l f  
r e s u l t s  i n  a r a t i o  o f  about 2:1 between the  p o s s i b l e  i n t e r a c t i o n  f requenc ies  
f o r  t h e  ext raneous  and t h e  u s e f u l  modes. 
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Figure 10. "Forward!FundamentaI" TWT szructure based on ridge-loaded, stub- 
supparted rings, used at Thornson-CSF at C-band c. 1962 and at S-band 
c. 1974. 
3.0 DIELECTRIC SUPPORT RODS 
The d i e l e c t r i c  suppor t  rods  o f  t h e  "TunneLaddern TWT c i r c u i t  des ign  
(F igure  8 )  have d i scuss ion  p r i o r i t y .  The choice  o f  propmrties and 
dimensions f o r  t h e s e  rods  i n  t h e  p r e s e n t  con tex t  is so l i m i t e d  t h a t  t h e  
s e l e c t i o n  must be made a t  the  o u t s e t  and t h e r e a f t e r  s e t  t h e  limits on what 
might be achieved,  mechanically and e l e c t r i c a l l y ,  f o r  t h e  c i r c u i t  a s  a 
whole. 
I n  common with the  millimeter-wave helix-TUT design14 (F igure  91, Type 
I1 A non-synthetic gem-quality diamond is s e l e c t e d  f o r  its e x c e p t i o n a l l y  
h igh thermal conduc t iv i ty  -- t h e  b e t t e r  t o  evacuate heat  due t o  even a low 
percentage i n t e r c e p t i o n  o f  t h e  3.8 kW of  beam power. This  thermal 
conduc t iv i ty  is s u b j e c t  t o  v a r i a t i o n  with impuri ty  content  ( n i t r o g e n )  o f  the  
n a t u r a l  diamond, bu t  f o r  engineer ing purposes t h e  d a t a  of  t h e  uppermost 
cu rve  i n  Figure  11 have been adopted,  wi th  p o s s i b l e  an i so t ropy  neglected.  
This  f i g u r e  a i lows Type I1 A diamond t o  be compared with Type I and wi th  
o t h e r  candidate  support-rod d i e l e c t r i c s .  Unlike meta l s ,  t h e  thermal 
conduc t iv i ty  of  t h e s e  d i e l e c t r i c s  dec reases  pronouncedly with i n c r e a s i n g  
temperature . 
The square c ross - sec t ion  0.25 x 0.25 mm is a s tandard s i z e  wi thin  the 
range t h a t  might s u i t  t h e  c i r c u i t  f o r  t h e  frequency of  i n t e r e s t .  A 
recommended l eng th  is 2.5 mm, bu t  g r e a t e r  l e n g t h s  up t o  perhaps 5 mm a r e  
a l s o  a v a i l a b l e  from the  s u p p l i e r .  To minimize t h e  e l e c t r i c a l  and thermal 
e f f e c t s  of an i so t ropy ,  an order  of rods  would be obta ined with t h e  same 
c r y s t a l l i n e  o r i e n t a t i o n .  Even s o ,  t h e  t o t a l  c o s t  would be a smal l  p a r t  o f  
t h e  t o t a l  TWT production expense. A s  sh ipped,  two of  the  0.25 x 2.5 rnm 
s u r f a c e s  a r e  pol ished and t h e  o t h e r  two c leaved,  with a t o l e r a n c e  o f  k0.025 
mm on the 0.25 mm dimension. Consequently, a l l  o f  t h e  group o f  rods  needed 
f o r  one tube would have t o  be s e l e c t e d  ou t  of  a l a r g e r  batch t o  reduce t h e  
t o l e r a n c e  range.  Af te r  t h i s ,  l app ing  o f  the  rods  i n  t h i s  group on a t  l e a s t  
t h r e e  of the  long faces  would probably be necessary t o  o b t a i n  st111 l e s s  
dimensional v a r i a t i o n .  
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Figure 11. Temperature dependence of thermal conductlvities of various support-rod 
dielectrics and associated metals. 
To cover the  f u l l  l eng th  of  t h e  TWT c i r c u i t  (ve ry  l i k e l y  inc lud ing  a 
nseverw)  a number on t h e  o r d e r  of t e n  o f  t h e  s h o r t  diamond rods  would be 
l a i d  end t o  end along each r idge .  A f t e r  bonding t o  the  r i d g e ,  one long rod 
would r e s u l t ,  but  cons ide ra t ion  might have t o  Se given t o  whether t h e  
i n t e r f a c e  between consecut ive  r o d l e t s  should f a l l  under a l adder  rung o r  
between rungs.  Should t h i s  i n t e r f a c e  c o n s t i t u t e  an e l e c t r i c a l  
d i s c o n t i n u i t y ,  cons ide ra t ion  would have t o  be given t o  minimizing the  
o v e r a l l  e l e c t r i c a l  d i s tu rbance  a t  t h e  frequency of i n t e r e s t  through t h e  
r a t i o  of t h e  r o d l e t  l eng th  t o  t h e  c i r c u i t  pe r iod ,  o r  through spec i fy ing  
random r o d l e t  l eng ths .  Since  such re f l ec t ion- reduc ing  schemes a r e  v a l i d  
only  f o r  pass ive  c i r c u i t s ,  it is f o r t u n a t e  t h a t  t h e  p o t e n t i a l  d i s c o n t i n u i t y  
is avoidable  by prevent ing any gap from opening betkreen consecut ive  r o d l e t s  
a t  the  c i r c u i t  opera t ing  tempereture .  That is,  i f  the  r o d l e t s  a r e  j u s t  
touching when bonding t o  t h e  r idge  is implemented a t  1 0 3 0 ~ ~ ~  they w i l l  
remain touching (and under some a x i a l  compression due t o  copper ' s  h igher  
thermal expansion c o e f f i c i e n t )  a t  any lower temperature .  
Bonding of diamond t o  copper ( t a p e s  on one s i d e ,  s o l i d  on the  o t h e r )  i s  
accomplished a t  Varian by having t h e  copper doped with zirconium ( t h e  a l l o y  
Amzirc) a s  the  a c t i v a t o r  while hea t  and p r e s s u r e  a r e  app l i ed  i n  a s u i t a b l y  
i n e r t  atmosphere.14 Such bonds a r e  100% r e l i a b l e  and s t r o n g e r  than copper 
o r  diamond, and the  thermal r e s i s t a n c e  of the  bonding i n t e r f a c e  is 
n e g l i g i b l e .  Moreover, a l l  diamond s u r f a c e s  not  bonded t o  Amzirc a r e  f r e e  o f  
contaminant d e p o s i t s .  Th i s  is e s s e n t i a l  t o  minimize rf l o s s e s  and rf 
breakdown problems. (Amzirc is harder  than copper but  t h e  thermal and 
e l e c t r i c a l  p r o p e r t i e s  d i f f e r  very l i t t l e . )  
The va lue  5.58 is t h e  c u r r e n t l y  accepted r e l a t i v e  d i e l e c t r i c  c o n s t a n t  
f o r  diamond f o r  the  f requenc ies  of  i n t e r e s t .  &o documentation has been 
found regarding e i t h e r  t h e  a p p l i c a b l e  d i e l e c t r i c  l o s s  tangent  o r  the  r f  
breakdown s t r e n g t h  along a diamond s u r f a c e .  Both a r e  more important  i n  the  
TunneLadder-TWT case  than t h e  helix-TWT case  (Sec t ion  2.6) because of  much 
s t r o n g e r  r f  f i e l d s  f o r  a given r f  power l e v e l .  Hopefully,  a s  a r e s u l t  of 
d i r e c t e d  resea rch  undertaken i n  t h e  near f u t u r e ,  t h e  p r o p e r t i e s  a t  42 GHz 
and tube temperature of Type IIA diamond -- t h a t  has been heated i n  helium 
t o  1 0 3 0 ~ ~  -- w i l l  be found a s  e x c e l l e n t  a s  is presen t ly  expected,  
I n  Hay 1979 ( i  .e . , p r i o r  t o  t h e  appearance of  t h e  bo:;: e d i t e d  by 
2 1  F i e l d  1 a  computerized l i t e r a t u r e  sea rch  was under taken,  cover ing t h e  
previous  t e n  o r  more yea r s .  Science Abs- (copyr ight  I . E . E . )  and 
-Abstracts (copyr igh t  Am. Chem. Soc.) were i n t e r r o g a t e d  w i t h  
d e s c r i p t o r s  such as :  diamond, thermal conduc t iv i ty ,  d i e l e c t r i c  c o n s t a n t ,  and 
d i e l e c t r i c  l o s s .  Q u i t e  a  few responses were p r i n t e d  o u t ,  mainly under CAS 
Reg is t ry  No. 7782-40-3. However, t h e  emphasis was t o o  o f t e n  on low 
temperatures ,  o p t i c a l  wavelengths, s y n t h e t i c  diamond, and only  t h e o r e t i c a l  
p r e d i c t i o n s  of  the  e l e c t r i c a l  parameters sought.  The p r i n t o u t s  were s ~ v e d ,  
hence f u t u r e  work might inc lude  an update and more d e t a i l e d  review o f  t h i s  
sea rch  t o  b e t t e r  uncover poss ib ly  p e r t i n e n t  informat ion.  A b ib l iography of 
u n c l a s s i f i e d  r e p o r t s  is a l s o  on hand, obta ined i n  May 1979 from t h e  Defense 
Documentation Center (Search Control  No. 083222) us ing t h e  " f i r s t - l e v e l  
search termsn b e r y l l i a ,  beryl l ium oxides  and diamond. 
Apart from diamond, b e r y l l i a  (ceramic)  i s  a  p o s s i b l i t y  f o r  t h e  
d i e l e c t r i c  suppor t  rods  i f  an order-of-magnitude lower thermal conduc t iv i ty  
(F igure  11) might be t o l e r a t e d .  This  low-loss i n s u l a t o r  is well  
cha rac te r i zed  e l e c t r i c a l l y  and t h e  rods  would be ob ta inab le  f u l l - l e n g t h  and 
of any des i red  c ross - sec t iona l  dimension. The bonding of  Amzirc t o  b e r y l l i a  
has a l s o  been found t o  be a s  s u c c e s s f u l  a s  f o r  diamond, us ing t h e  same 
procedures.  
S ing le -c rys ta l  b e r y l l i a ,  a s  opposed t o  ceramic o r  p o l y c r y s t a l l i n e ,  was 
a l s o  considered because of  t h e  promise of  a  thermal conduc t iv i ty  above t h a t  
o f  ceramic BeC, though below t h a t  of  even Type I diamond. However, t h e  
improvement is s i g n i f i c a n t  only below 1 5 0 ~ ~  and nonex i s t en t  above 5 0 0 ' ~  
( 2 2 7 0 ~ ) ~ ~ .  Never theless ,  i f  a v a i l a b l e ,  i t  might bc p re fe r red  t o  ceramic 
B e O ,  d e s p i t e  c i r c u i t  temperatures  above 3 0 0 ' ~ ~  i f  evidence e x i s t e d  f o r  lower  
d i e l e c t r i c  l o s s e s .  (The b e s t  rf use o f  s i n g l e - c r y s t a l  Be0 might be i n  
waveguide windows where t h e  s i z e  precludes  diamond but  where t empera tu res  
below 150' might p r e v a i l ) .  
4.0 TUNNELADDER SCALE MODEL AND COLD-TEST RESULTS 
F i g u r e  12 shows t h e  e i g h t - p e r i o d  slow-wave c i r c u i t  model,  s c a l e d  16:1,  
used t o  f i n a l i z e  t h e  d e s i g n  geometry and ,  w h i l e  doing  s o ,  o b t a i n  impor t an t  
d a t a  r e g a r d i n g  even tua l  performance.  Although t h e  l a d d e r  pe r iod  and rung  
p r o f i l e s  could  no t  be a l t e r e d ,  t h e  s idewa l l - t o - s idewa l l  d i s t a n c e ,  i d e n t i f i e d  
as W ( and  a l s o  equa l  t o  t h e  o v e r a l l  rung l e n g t h  p r o j e c t e d  on to  a hor izont ,a l  
p l a n e ) ,  was v a r i e d  and t h e  effects on p ropaga t ion  documented. Changing t h e  
d e t a i l s  o f  t h e  r i d g e s  was s i m i l a r l y  i n v e s t i g a t e d .  I m p l i c i t  i n  t h i s  
documentat ion are i n d i c a t i o n s  o f  performance s e n s i t i v i t y  t o  d i m e n s i o n a l  
d e v i a t i o n s .  I n s e r t i o n  on t h e  a x i s  o f  a s t a n d a r d i z e d  s a p p h i r e  rod ( i n  t h i s  
c a s e  o f  d i a m e t e r  2.573 mm and r e l a t i v e  d t s l e c t r i c  c o n s t a n t  9.490) provided  
t h e  resonance- f requency  s h i f t s  from which i n t e r a c t i o n  impedance was deduced. 
The model o f  F i g c r e  12 r e f l e c t s  t h e  d e s i g n  c h o i c e s  i n d i c a t e d  i n  F i g u r e  
8 excep t  f o r  t h e  s p e c i f i c  shape o f  t h e  t u n n e l .  However, t h e  approximat ion  
is adequate  a t  t h i s  s t a g e  o f  development. The l i g h t  s q u a r e s  b r a c i n g  t h e  
rung c e n t e r s  i n  F i g u r e  12 a r e  t h e  ends  o f  d i e l e c t r i c  r o d s  s i m u l a t i n g  t h e  
e v e n t u a l  diamond s u p p o r t  r o a s  ( e n l a r g e d  1 6 : l ) .  The m a t e r i a l  used was 
Emerson and Cumming S t y c a s t  hi-K w i t h  K = 5.0 + 35,  hence t h e  d e v i a t i o n  from 
diamond's  K = 5.58 might  be as much a s  13%. G r e a t e r  d e s i g n  r e f inemen t  i n  
t h e  f u t u r e  would r e q u i r e  a s p e c i a l  o r d e r  o f  S t y c a s t  b e t t e r  x s t c h i n g  diamond 
i n  d i e l e c t r i c  c o n s t a n t .  
Fo r  t h e  i n i t i a l  s t u d i e s ,  t h e  S t y c a s t  r o d s  were a b s e n t  and t h e  r i d g e  
s u r f a c e s  f a c i n g  t h e  l a d d e r  were s imply  f l a t .  The r i d g e s  and s i d e w a l l s  were 
t hen  a d j u s t e d  u n t i l  t h e  measured w-B c u r v e  ( f o r  t h e  symmetric l a d d e r  mode) 
was abou t  as d e s i r e d .  T h i s  d e s i r e d  cu rve  should  p a s s  througb t h e  p o i n t  
0 0 = 60 , F = 2.6 GHz ( app rox ima te ly )  and have about  t h e  same s l o p e  (g roup  
v e l o c i t y )  a s  t h e  c u r v e s  f o r  h = 3.18 tun i n  F i g u r e s  3 and 7. Accord ing ly ,  
W = 38.6 mm and h = 1.78 mm ( l e s s  t han  t h e  W and h o f  F i g u r e s  1 and 6 t h a t  
provided  t h e  i n d i c a t e d  cu rves  i n  F i g u r e s  3 and 7 r e s p e c t i v e l y )  were r e q u i r e d  
for t h e  new shaped- ladder  model, where h i s  always d e f i n e d  a s  t h e  s u r f a c e -  
t o - s u r f a c e  r i dge - to - l adde r  s p a c i n g .  (The n o n - c r i t i c a l  r i d g e  wid th  i n  t h i s  
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Figure 12. E!ght.period "TunneLadder" cold-test model built to 16:1 wale. 
case was 19 m m . )  The actual  w-B curve and the sapphire-rod p e r t u r b t i o n  
r e s u l t s  a re  recorded a s  curve h i n  Figure 13. 
The i n i t i a l  r i s e  of Af/f ( i nd ice to r  of in te rac t ion  impedance on the 
ax i s )  i t ,  a curve a t  the bottom i n  Figure 13 r e f l e c t s  the rapid increase with 
frequency of t3e impedance i n  the rung plane (Figure 5 )  while a t  low B (many 
periods per wavelength) the rung-to-rung E f i e l d s  extend readi ly t o  tk , -  
system axis .  The subsequect f a l l o f f  i n  Af/f ind ica tes  the strong e f f ec t  of 
increasing B !fewer periods per wavelength) i n  ra i s ing  the decay r a t e  of the  
ladder 's  ax ia l  E f i e l d s ,  going from the x n g s  t o  the system axis .  The A f / f  
magnitudes fo r  Case A (Figure 1 2 )  a r e  the l a rges t  obtainable k i t h  t h i s  model 
s ince d i e l e c t r i c  has not yet been introduced outside the tucne l ,  u i t h  i ts  
tendency t o  weaken f i e l d s  inside.  
When the square-section d i e l e c t r i c  rods (4 .06  x 4.05 mm Stycast  i n  ihe 
large-scale nodel) were f i n a l l y  introduced i n  the cold-test  mcjel, ccn- 
forming t o  Figures 8 and 12, a l l  experimental ~ ' r i r !  -0 ir:dic;ted tha t  t - 
ridge-to-rung capacitance was now being prov .,.. ,.' . . f e n t i r e l y  by t h ~  
d i e l e c t r i c .  T h i s  capacitance could therefore be viewed as lump2d, and t h e  
sens i t iv i t - r  of the  u-B curve t o  capacitance dsviat iqns ( r e su l t i ng  rrom 
changes in  rod material  or  dimensions) would ;)e predictable  from the data of 
Figure 3. That is ,  the s e n s i d v i t y  (of curve B i n  Figure 3) t o  a given 
percentage change in the air-gap spacing, and the s e n s i t i v i t y  t o  the same 
percentage change in  the subs t i t u t ing  lumped capacitsnce, should be abcut 
equal. 
When the d i e l e c t r i c  rods were introduced i t  was necessary to lecreaa;e 
the sidewall separation, W ,  s i cce  the d i e l e c t r i c  added some inc identa l  
rung-to-rung capacitance while providing for  the rting-to-ridgu capacitance. 
The s e n s i t i v i t y  t o  deviation from the adopted W may be noted from Figure 15.  
The difference between b 9  curves C and C -- a frequency s h i f t  of abcut 3 o r  
4% -- is en t i r e ly  due t o  a change i n  W of 3.45, suggesting a 1:1 correspond- 
ence. The angle $ (Figure 8; was varied from 0 t o  23' w i t h  h = 34.5 ma and 
from 20 t o  30' w i t h  W = 35.5 am. The minimai clectri"1 consequences of 
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t h e s e  v a r i a t i o n s  i n d i c a t e  how l i t t le  s e n s i t i v i t y  t h e r e  is t o  t h e  angle $, 
which w o d d  t h e r e f o r e  be chosec  o n l y  as mechanica l ly  conven ien t .  (The 
purpose o f  t h i s  d e s i g r  f e a t u r e  is mere ly  t o  c e n t e r  t h e  d i e l e c t r i c  rod .  I n  
F igu re  13, t h e  a p p a r e n t l y  p a r a d o x i c a l  l o c a t i o n  o f  c u r v e  C r e l a t i v e  t o  c u r v e  
3 may r e f l e c t  d imensional  f l u c t u a t i o n 3  betbe*n s u c c e s 3 i v e  model 
r ea s sembl i e s . )  T h i s  electrical i n d i f f e r e n c e  to  t h e  r i d g e  shape  fo l lowing  
i n s t a l l a t i o n  o f  t h e  d i e l e c t r i c  r o d s  r e i n f o r c e s  t h e  conc lus ion  t h a t  t h e  
d i e l e c t r i c  i n s e r t  becomes e s s e n t i a l l y  t h e  s o l e  de t e rminan t  o f  t h e  r idge - t a -  
l a d d e r  c a p a c i t a n c e .  
4.3 COMPLETE N C ) P E _ P I C , U h E . g F . T  T -  Y 
Figure  14 docilments t h e  t h r e e  lowest -order  modes o f  
pr-opagation f o r  t h e  f i n a l i z e d  i n t e r a c t i o n  s t r u c t u r e .  These d a t a  were 
r e a d i l y  ob ta ined  wi th  t h e  r e s o n a t e d  e igh t -pe r iod  a o d e l  o f  F i g u r e  12,  g i v e n  
t h e  c h o i c e  a v a i l a b l e  o f  e x c i t a t i o n  probes  and h o l e s  for t h e i r  i n s e r t i o n .  
The lcuermo3t cu rve  (=me as E i n  F i g u r e  13) r e p r e s e n t s ,  o f  c o u r s e ,  t h e  
symmetr ica l  l a d d e r  mode vh ich  xould provide  f o r  t h e  u 3 ~ f i l l  g a i n  o f  t h e  
proposed TWT. The i n t e r s e c t i c n  o f  t h i s  cu rve  wi th  t h e  d i a g o n a l  l i n e  rep-  
r e s e n t i n g  t h e  s low space-charge wave ( o f  a  21 kV e l e c t r a n  beam) shou ld  
cor lvspond t o  t h e  ( s c a l e d )  o p e r a t i n g  f requency and t h e  d e s i r e d  phase s h i f t  
p e r  pe r iod .  The q u i t e  narFow what" bandwidth c e n t e r e d  a t  t h i s  f requency is 
a l s o  m g g e s t e d .  Where She c-0 c u r v e  t e n d s  t o  be h a r i z o n t a l ,  p ropaga t ion  13 
termed r a t h e r  nslow-wavew, wi th  low phase and g roup  v e l o c i t i e s  and i n c r e a s e d  
c i r c u i t  a t t e n u a t i o n .  Axial E f i e i d s  a r e  r e l a t i v e l y  s t r o n g ,  b u t  o n l y  n e a r  
t h e  t a p e s ,  n o t  n e a r  t h e  a x i s ,  f o r  t h e s e  h i g h e r  v a l d e s  o f  0. Where t h e  w-0 
c u r v e  t e n d s  t o  be v e r t i c a l ,  r e l a t i v e l y  nfast-wavew p ropaga t ion  is i n d i c a t e d ,  
w i th  iow c i r c u i t  l o s s e s  b u t  a l s o  v e r y  l i t t l e  a x i a l  E - f i e ld  s t r e n g t h .  (The 
i s s u e  o f  a lower c u t o f f  freqi lency o t h e r  t han  z e r o  f o r  t h e  symmetric l a d d e r  
mode is t aken  up l a t e r . )  
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Figure 14. Dispersion characteristtcs for thras lowest-ordsr modes of f~nal "Tunne- 
Ladder'' interaction stacture. (W = 35.5 mm; $ = 30°.) 
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The a n t i s y m m e t r i c  l a d d e r  mode ( F i g u r e  1 4 ) .  p r e v i o u s l y  
d i s c d s d e d  w l t h  r e f e r e n c e  t o  t h e  s t r u c t a r e  o f  F i g J r e  6 (see a l s o  F i g u r e  71, 
now p r o p a g a t e s  a t  much h i g h e r  f r e q u e n c i e s  ~ i n c e  t h e  e f f e c t i v e  r u n g  >pan f o r  
t n i 3  mode is o n l y  a b o u t  h a l f  t .hat for t h e  s y m m e t r i c  mode. (Ant i symmet r ic -  
mode p r o p e r t i e s  are c o n s i s t e n t  w i t h  t h e  n o t i o n  o f  a Conddc t ing  s u r f a c e  l y i n g  
i n  t h e  l a d d e r  mid-p lane ,  w i t 1  z e r o  a x i a l  E f i e l d s  e v e r y w h e r e  i n  t h i s  p l a n e . )  
A c c o r d i n g l y ,  e l e c t r o n s  i n  3ol:e parts o f  t h e  beam c r o s s - s e c t i o n  ( t h o s e  close 
t o  t h e  s a p p o r t  r o d s )  c o u l d  i n ~ e r a c t  w i t h  t h e  f i e l d s  of t h i s  mode, p e m i t  
forward-wave g a i n .  and a l l o w  o s c i l l a t i o n  if t h a t  g a i n  exceeded  t h e  t o t a l  
l o s s e s  o f  t h e  l i k e l y  f e e d b a c k  p a t h .  However, t h e  f r e q ~ e n c y  ( a b o ~ t  5.8 CHz 
i n  F i g u r e  1 4 )  would be o v e r  t w i c e  t h e  3 p e r a t i n g  f r e p ~ e n c y  ar.d t h e  r e d a c e d  
s k i n  d e p t h ,  a n 3  t h e  v e r y  low g r o u p  v e l o c i t y  a t  d = 133'. sJgsest h i g h  
c i r c u i t  a t t e n ~ a t i o n .  R o r e o v e r ,  t h e  l a r g e  v a l u e  of t? s i g n i f i e s  v e r y  weak 
a x i a l  E f i e l d s  a l o n g  a l l  e l e c t r o n  t r a j e c  -pies e x c e p t  t h o s e  g r a z i n g  t h e  
r u n g 3  (and  n e a r  t h e  s ~ p p o r t  r o d s ) .  I n  s z  t h e  r i s k  of o s c i l l s t i o n  i n  t h i s  
reg ime  1s minimal .  
As P ~ r t h e r  i n s a r a n c e ,  it might  be f e a s i b l e  t o  i n t r o d ~ ~ e  a n  i n t e n t i o n a l  
" c o n t a c t  r e j i s t a n c e "  where two r d n g s  r t v t  a g a i n s t  o n e  a n o t h e r  t o  form a p a i r  
(see " run$-pa i r  i n t e r f a c e n  i n  F i g u r e  31. T h i s  r e s i s t a n c e  w o ~ l d  a f f e c t  
n e i t h e r  t h e  symmet r ic  l a d d e r  mode n o r  t h e  t h e r m a l  p r o p e r t i e s  o f  t h e  
s t r u c t u r e .  (The r u n g - p a i r  i n t e r f a c e  is a D i r i c h l e t  boundary  f o r  t h e  
a n t i a y m m e t r i c  l a d d e r  mode b u t  a Neumann boundary  f o r  t h e  s y a m e t r i c  mode and 
f o r  t h e  t h e r m a l  sys tem.  1 However , c i r c u i t  a t t r n l r a t i o n  j h o u l d  i n c r e a s e  f o r  
t h e  a n t i s y m m e t r i c  mode a t  f r e q u e n c i e s  where it is "slow-wave" and p e r h a p s  
a l ~ o  a t  t h e  lower  f r e q u e n c i e s  where  it is " fas t -waven .  A 3  d i j c a j s e d  i n  
S e c t i o n  2.6, t h e r e  is a prcblem of  p o s s i b l e  f e e d b a c k  a t  t h e  o p e r a t i n g  s i g n a l  
f r e q u e n c y  (2.6 CHz i n  F i g u r e  14 1 t h r o u g h  a c c i d e n t a l  conversion o f  power rrom 
t h e  s y m e t r l c  mode ( n ~ l o w - w a v e n  a: 2.6 GHz) t o  t h e  an t i symmet r i :  mode 
( " fas t -waven  a t  2.6 CHz) and added l o 3 3  f o r  t h e  a n t l s y m m e t r i c  mode a l o n e  
c o u l d  be b e n a f i c i a l .  As d i s c u s s e d  i n  a l a t e r  s e c t i o n ,  no p o r t i o n  o f  t h e  
p roposed  i n t e r a c t i o n  s t r u c t u r e  is a t i l i z a b l e  f o r  a d d i n g  l o s s  d i f f e r e n t i a l l y  
f o r  t h e  unwanted mode -- w i t h  t h e  e x c e p t i o n  o f  t h e  r u n g - p a i r  i n t e r f a c e .  
The i s s u e  of a lower c u t o f f  f requency o t h e r  t h a n  z e r o  f o r  t h e  a n t i -  
symmetric l a d d e r  mode, as well as f o r  t h e  symetric mode, is t a k e n  up later. 
I n  any e v e n t ,  t h e  lower c u t o f f  f r equency  must be t h e  =me f o r  bo th  l a d d e r  
modes. 
F i g u r e  I 4  a l s o  documents t h e  p ropaga t ion  c h a r a c t e r i s t i c  o f  
a t h i r d  o r  " c a v i t y n  mode wi th  a  va ry  high-frequency pasobaqd o f  8.4 t o  10.8 
GHz (135 t o  174 GHz f o r  t h e  mil l imeter-wave v e r s i o n ) .  E s s e n t i a l l y ,  t h i s  
mode is t h e  TIlly mode t h a t  would propagate  i n  t h e  roughly  r e c t a n g u l a r  
waveguide formed by t h e  two r i d g e  i n n e r  s u r f a c e s  and t h e  two sidewalls i n  
F i g u r e  8. The wall c u r , ; e n t j  should  be l a r g e l y  l o n g i t u d i n a l ,  hznce t h e  
l o n g i t u d i n a l  " s ide  groovesn  (see Fig-we 8 )  and t h e  dimension Y have no 
in f luence .  The E f i e l d s  would be both  l a n g i t u d i n a l  n e a r  t h e  sys tem a x i s  and 
( f o r  f r e q u e n c i e s  above t h e  l o w e r - c ~ t o f f  f r zquency)  r i i d i a l  w i th  respect to  
t h e  axis. Thus, t h e  l a d d e r  rungs  would f o r  t h e  most p a r t  (sad e s p e c i a l l y  a t  
t h e  low end o f  t h e  passband)  a c t  l i k e  t h i n  wire3 p e r p e n d i c u l a r  t o  t h e  
E-f ie ld  l i n e s  (much as i n  c e r t a i n  e x t e n d e d - i n t e r a c t i o n  k l y ~ t r o n s ) .  
The gu ide  wavelength for t h i s  nforward-waven mode v a r i e s  from i n f i n i t e  
(no  r e v e r s a l s  o f  t h e  p u r e l y  a x i a l  E f i e l d )  a t  t h e  lower c u t o f f  t o  2P (one  
r e v e r s a l  o f  t h e  a x i a l  E f i e l d  p e r  l a d d e r  p e r i o d )  a t  t h e  upper c u t o f f .  
If F i g u r e  14 were extended somewhat beyond its r ight -hand edge ,  one cou ld  
p r e d i c t  a p o s s i b l e  beamlwave i n t e r a c t i o n  around 10.7 GHz and f o r  8 = 245'. 
approximate ly .  I n  fact,  t h e  c o n d i t i o n s  f o r  backward-wave o v c i i l a t i o n  are 
man i fe s t .  Working a g a i n s t  t h e  p o s s i b i l i t y  o f  t h e s e  o s c i l l a t i o n s  s t a r t i n g ,  
however, are t h e  v e r y  h i g h  f requency (170 GHz f o r  t h e  mil l imeter-wave 
v e r s i o n )  and low group v e l o c i t y  and conseqrlent ly h i g h  c i r c u i t  a t t e n u a t i o n .  
Impor t an t ly ,  t h e  a p p l i c a b l e  v a l u e  o f  6, r e f l e c t i n g  bo th  t h e  h i g h  f requency 
and t h e  space-harmonic a s p e c t  (n < 8 < 2 n ) ,  would be s o  h igh  t h a t  on ly  t h o j e  
few e l e c t r o n s  v i r t u a l l y  g r a z i n g  t h e  rungs  could  c o n t r i b u t e  t o  t h e  i n d i c a t e d  
i n t e r a c t i o n .  
When Bp = 8 = 0, t h e  guide  wavelength is i n f i n i t e ,  and both l a d d e r  
modes are purely  TE modes wi th  on ly  t r a n s v e r s e  r f  wall c u r r e n t s  under t h i 3  
n c u t o f f n  condi t ion.  Thus, it would not matter then  i f  t h e  a r r a y s  of  l a d d e r  
rungs were replaced by cont inuous  conducting s u r f a c e s .  With t h i s  reasoning,  
both l a d d e r  modes are seen t o  have t h e  same lower c u t o f f  frequency,  which 
would be z e r o  i f  t h e  f o u r  " s i d e  groovesn (F igure  8) were a l t o g e t h e r  PP~IL. 
I n  Figure  14, t k e  w-B curves  f o r  t h e  two l a d d e r  modes a r e  drawn with a s o l i d  
l i n e  f o r  t h i s  case.  
However, t h e r e  are obvious p r a c t i c a l  reasons  why t h e  depth  of t h e  s i d e  
grooves (dimension Y j.n F igure  8)  must be l i m i t e d  t o  a reasonable  value.  
The lower cu to f f  frequency w i l l  accord ing ly  rise ( d o t t e d  curves  a t  t h e  lower 
lef t  i n  Figure  141 a3 Y is reduced,  s i n c e  t h e  determinants  a r e  t h e  same as 
f o r  simple r idged r e c t a n g u l a r  waveguides. For t h e  most p a r t ,  t h e  p o r t i o n  o f  
t h e  o-8 curve account ing f o r  beamlwave i n t e r a c t i o n  (2.6 GHz, 8 = 60') is 
i n d i f f e r e n t  t o  t h e  a c t u a l  lower-cutoff frequency and t h e  shape of  t h e  curve  
below about 2 GHz. Thus, a lower l i m i t  on Y can be s t a t e d  i n  terms of  not  
a l t e r i n g  t h e  curve  3 i g n i f i c a n t l y  above 2 GHz. I n  Figure  12, f o u r  meta l  
i n s e r t s  may be noted,  forming s i d e  grooves and e s t a b l i s h i n g  Y = 27 mm, 
approximately. The lower c u t o f f  frequency i3  then about h a l f  t h e  o p e r a t i n g  
frequency,  with n e g l i g i b l e  e f f e c t  on of  t h e  f b r e s w - $  c u r v e s  (F igure  14) 
above 2.3 GHz. (Needless t o  say,  t h e  dimensional  t o l e r a n c e  on Y can be very 
generous. ) 
4.5 EQUIVALENT -C1RCUITMI)DELING 
The slow-wave p e r i o d i c  s t r u c t u r e s  under d i3cuss ion a r e  r e a d i l y  modeled 
by means o f  an equ iva len t  c i r c u i t ,  with very good precedent.  196~23 This 
powerful technique w i l l  be reviewed and used t o  p r e d i c t  "matching impedancen 
and t o  chal lenge a proposal  f o r  d i f f e r e n t i a l  a t t e n u a t i c n  modi f i ca t ion  f o r  
t h e  two l adder  modes. 
To begin ,  t h e  f ive-element c i r c u i t  of Figure  15, r e p r e s e n t i n g  one 
period of i n t e r a c t i o n  s t r u c t u r e ,  can account f o r  t h e  d i s p e r s i o n  and 
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Figure 15. One cell of equivalent circuit for structure of Figure 12 and two ladder modes 
of Figure 14 - - with lower cutoff at 1.5 GHz. (Impedance relations have been 
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impedance l e v e l s  o f  t h e  s t r u c t u r e  o f  F i g u r e  1 if t h e  f o l l o w i n g  are observed:  
( L ~ C , ) - ~ ~ ~ / ~  shou ld  e q u a l  t h e  r c j o n a n c e  f requency o f  t h e  
ends-shor ted  two-conductor t r a n s m i ~ s i o n  l i n e  t h a t  e x i a t s  batween 
a d j a c e n t  l a d d e r  rungs  o r  t a p e s .  
a ( L ~ / c ~  ) should  eqda l  t h e  s u r g e  impedance ( c h a r a c t e r i s t i c  
impedance) o f  t h i s  3ame t r ansmi3s ion  l i n e .  
( L ~ / c ~ ) " * - ~ ~ ~ / ~ I T  should  e q a l  t h e  c u t o f f  f r e q ~ e n c y  o f  t h e  r idged  
waveguide one  o b t a i n s  w i th  t h e  l a d d e r  r ep laced  by a con t inuous  
conduct ing  s h e e t  -- assuming t h e  s i d e  grooves  have been c l o s e d  o f f  
t o  provide  a non-zero v l o w e r - c ~ t o f f M  frequency.  
(L3/C3)'l2 should  equa l  t h e  s u r g e  impedance of  t h i s  r i dged  
waveguide, e v a l u a t e d  well above c u t o f f ,  and e f f e c t i v e  between t h e  
c e n t e r  o f  t h e  l a d d e r  and t h e  c e n t e r  of t h e  r i d g e ,  w i th  C 3 
i n c l u d i n g  t h e  e f f e c t  o f  any d i e l e c t r i c  p laced  i n  t h a t  p a s i t i o n .  
L jhould  be a small i n d u c t o r  which ( i n  combinat ion wi th  t h e  9 
e f f e c t i v e  c a p a c i t a n c e  p r e s e n t e d  by t h e  L C " t ankw a t  f r e q u e n c i e s  3- 3 
above its resonance)  wodld accodnt  f o r  t h e  phase d e l a y  over  one 
pe r iod  o f  d i s t a n c e  i n  t h e  r idged  wavegdide i f  L1 and C, were 
s h o r t e d  o u t .  
When a c o l d - t e s t  model corresponding to  a proposed geometry 13 n o t  
a v a i l a b l e ,  t h e  element  v a l u e s  can be p r e d i c t e d  u i t h  t h e  methodology 
i n d i c a t e d  above i n  combinat ion  wi th  t h e  f a m i l i a r  e n g i n e e r i n g  method3 used t o  
e s t i m a t e  t r a n s m i s s i o n - l i n e  r e sonances  and 3drge  impedances and 
ridged-waveguide c u t o f f  f r e q u e n c i e s ,  g iven  t h e  geomet r ic  d e t a i l s .  23 
However, when a model h a s  been b ~ i l t ,  measured w-A d a t a  can be proceased  
wi th  long-es t ab l i shed  computer r o u t i n e s  t o  y i e l d  t h e  element  va lue3  and 
r e g e n e r a t e  w-6 c u r v t s  f o r  checking  purposes.  I n  t h i v  c a s e ,  t h e  c i r c d i t  of  
F igu re  15 would be one of t h e  Curnow e q d i v a l e n t  c i r c d i t s .  2 4 
A s  f o r  t h e  geometry of F i g u r e  8, it is s u f f i c i e n t  t o  s e p a r a t e  t h e  
s t r u c t u r e  i n t o  two h a l v e s  a l o n g  t h e  "rung-pair  i n t e r f a c e n  p l a n e  and c o n s i d e r  
each  h a l f  i n  i s o l a t i o n  wh i l e  a p p l y i n g  t h e  methods d e s c r i b e d .  A f t e r  modeling 
t h e  symmetric l a d d e r  mode, a conduct ing  s u r f a c e  can be i n t r o d u c e d  i n  t h e  
aforement ioned p l a n e  t o  pe rmi t  modeling t h e  an t i symmet r i c  mode. I n  t h e  c a s e  
o f  F igu re  14, element  va lue3  ( p e r  F i g u r e  15)  were found t h a t  were c o n s i s t e n t  
wi th  each  o f  t h e  two 0-8 curves .  I n  p a r t i c u l a r ,  C and L cou ld  remain L3' 3 9 
t h e  same f o r  both modes, w h i l e  t h e  change from t h e  symmetric t o  t h e  
a n t l a y m e t r i c  mode was e f f e c t e d  r a t h e r  well by h a l v i n g  C, and L1, a l l  as  
would be expected  from p h y s i c a l  reasoning. 
Among t h e  computer-output l i s t i n g s  v s  f requency is t h e  "image 
impedancew -- t h e  impedance n look ing  i n t o n  a s e m i - i n f i n i t e  cha in  o f  
i d e n t i c a l  cells from t h e  p o r t  1 - 1'. I n  developing  a waveguide i n p u t  o r  
o u t p u t  c o u p l e r  f o r  t h e  i n t e r a c t i o n  s t r u c t u r e ,  t h e  *image impedancen is  an  
i n d i c a t o r  o f  t h e  load  p re sen ted  t o  t h e  waveguide. With r ega rd  t o  t h e  
e v e n t u a l  narrow-band TWT, it is t h e r e f o r e  encodraging  t h a t ,  f o r  t h e  
symmetric l a d d e r  mode, t h e  "image impedancen was found t o  v a r y  v e r y  l i t t l e  
wi th  f reqdency over  an  a p p r e c i a b l e  r ange  around t h e  o p e r a t i n g  f r equency ,  fo. 
With t h e  two modes r e p r e s e n t e d  by two on ly  s l i g h t l y  d i f f e r e n t  v e r s i o n s  
o f  t h e  c i r c u i t  of F igu re  15 ,  i s s u e s  may be r a i s e d  and q u a n t i t a t i v e  
p r e d i c t i o n s  made. For example, it had been n a i v e l y  3dggested t h a t  i f  
d i s s i p a t i v e  m a t e r i a l s  were p laced  I n  t h e  " s i d e  groovesn  ( F i g u r e  8), t h e  
r e s u l t i n g  a t t e n u a t i o n  a t  f o  might be much g r e a t e r  f o r  t h e  an t i symmet r i c  mode 
than  f o r  t h e  symmetric, (The r eason ing  h e r e  c o r r e c t l y  noted  t h a t  a t  f o  t h e  
symmetric mode h a s  a low phase v e l o c i t y ,  s d g g e s t i n g  energy  p ropaga t ing  c l o s e  
t o  t h e  rungs ,  whi le  t h e  an t i symmet r i c  mode h a s  a h i g h  phase v e l o c i t y ,  
s u g g e s t i n g  more energy  p ropaga t ing  i n  t h e  s i d e  grooves . )  
To test t h i s  d i f f e r e n t i a l - a t t e n u a t i o n  h y p o t h e s i s ,  computer r o u t i n e s  
a s s o c i a t e d  wi th  Curnow e q u i v a l e n t  c i r c ~ i t s  were used t o  c a l c u l a t e  c i r c u i t  
a t t e n u a t i o n  pe r  pe r iod  when a r e s i s t a n c e  wa3 in t roduced  i n  p a r a l l e l  w i th  L1 
and C1 and /o r  L and C3,  T h i s  r e s i s t a n c e  was q u a n t i f i e d  by s p e c i f y i n g  a 3 
f i n i t e  Q t o  be a s s o c i a t e d  wi th  each induc tance .  S p e c l f i c a l l y ,  r e l a t i v e l y  
low v a l u e s  were avaigned t o  Q t o  r e p r e s e n t  t h e  d i s s i p a t i v e  m a t e r i a l  3' 
proposed f o r  t h e  r idged waveguide, whi le  t h e  Q, v a l u e s  considered r e f l e c t e d  
no added l o s s  f o r  t h e  l a d d e r  rungs. If t h e  u n i t  c e l l  were v i s u a l i z e d  a s  
having an o v e r a l l  e f f e c t i v e  Q, t h i s  would indeed be in f luenced  by Q much 3 
more i n  t h e  antisymmetric mode than  i n  t h e  symmetric mode a t  f o  (as implied 
by the  d i f  fer-ent  phase v e l o c i t i e s ) ,  
The r e s u l t s  of t h e  f i n a l  computations c l e a r l y  r e f u t e d  t h e  na ive  
hypothes is .  I n  every case, t h e  a t t e n u a t i o n  (dB/period) a t  f o  f o r  t h e  
symmetric mode ended up as great as, o r  even g r e a t e r  than ,  f o r  t h e  
antisymmetric mode. I n  phys ica l  terms, what was q u a n t i t a t i v e l y  demonstrated 
was t h e  importance of group v e l o c i t y  t o  c i r c u i t  a t t e n u a t i o n .  A t  f o ,  the  
group v e l o c i t y  f o r  t he  symmetric mode is s o  much lower t h a t  it o f f j e t s  o r  
more than o f f s e t s  t h e  reduc t ion  i n  infuence of t h e  ridged-waveguide 103s. 
I n  f a c t ,  t h e  n e c e s s i t y  of minimizing ridged-wavegdide l o s s e s  i n  t h e  even tua l  
TWT is now apparen t ,  lest t h e  low o p e r a t i n g  group v e l o c i t y  ( 0 . 0 5 ~ )  magnify 
t h e i r  c o n t r i b u t i o n  t o  t h e  burden of t o t a l  c i r c u i t  a t t e n u a t i o n .  
5.0 RF CIRCUIT ATTENUATION 
R e l i a b l e  d a t a  on t h e  a t t e n u a t i o n  per  u n i t  l e n g t h  of t h e  slow-wave 
s t r u c t u r e ,  a t  and around f o  and a t  t h e  a p p l i c a b l e  t empera tu res ,  a r e  a 
p r e r e q a i s i t e  t o  gain/bandwidth p r e d i c t i o n s  f o r  t h e  even tua l  millimeter-wave 
TWT. I d e a l l y ,  a l eng th  o f  a c t u a l - s i z e  i n t e r a c t i o n  s t r ~ c t u r e  (F igure  8 )  
s e v e r a l  dozen pe r iods  long would be made up and hea ted ,  as necessary, dur ing  
a t t e n u a t i o n  measurements around 42 G H z ~  (The S t e e l e  method r:ould permit  
t h e s e  measurements t o  be made wi thout  r e q u i r i n g  good i n p u t  and ou tpu t  
couplars . )  Th i s  e n t e r p r i s e ,  however, 13 reserved f o r  a f u t u r e  da te .  
S u b s t i t u t i o n  o f  a scaled-up c i r c u i t  model can be considered,  provided it is  
r e l a t i v e l y  long and means a r e  a t  hand t o  account f o r  t h e  frequency 
dependence of  rf s k i n  r e s i s t i v i t y  f o r  t h e  meta l s  and b raz ing  m a t e r i a l s  
involved. Accounting, i n  a d d i t i o n ,  f o r  a non-negl ig ible  d i e l e c t r i c  l o s s  pe r  
period (which is independent of  frequency i f  t h e  l o s s  t angen t  is) would not  
be an easy mat te r  i n  a s c a l e  model, even i f  diamond were no t  t h e  d i e l e c t r i c  
i n  quest ion.  The millimeter-wave e f f e c t s  o f  s u r f a c e  roughness a r e  a l s o  hard 
t o  t r a n s f e r  t o  a s c a l e  model. 
For t h e  p resen t  c o n t r a c t ,  a t t e n u a t i o n  va lues  a r e  o f  n e c e s s i t y  
t h e o r e t i c a l ,  and hopeful ly  supported by advanced s c i e n t i f i c  i n s i g h t s .  The 
moat convenient  and powerful approach he re  has  been through use of  t h e  
r e l a t  ion25 
8.686 n f 
a t t e n u a t i o n  i n  dB/cm = 
V, 
where t h e  frequency,  f ,  is i n  Hz and t h e  group v a l o c i t y ,  vg, is i n  cmlsec. 
The Q here  would be a composite value  f o r  one u n i t  c e l l  o f  i n t e r a c t i o n  
a t r u c t u r e ,  t a k i n g  account of  each component element where energy might be 
s t o r e d  and power d i s s i p a t e d .  The e n t i r e  c i r c u i t - a t t e n u a t i o n  prcblem is now 
merely one of  e s t a b l i s h i n g  Q, and f o r  eng inee rs ,  Q haa cons jde rab le  r e a l i t y ,  
g iven t h e  frequency and m a t e r i a l s  s e l e c t e d .  Over t h e  TWT bandwidth, 
moreover, t h e  p o s s i b l e  v a r i a t i o n  of Q would be very small r e l a t i v e  t o  t h e  
v a r i a t i o n  of t h e  term f / v  g o  

t h i s  difference on gain and efficiency to be noted. A t  42 GHz and 
v = 0.053 c , circuit attenuation would be 0 .047 dB per period ( 1 . 4 4  dB/cm) 8 
for Q = 500, or double that attenuation for Q = 250. 
6.0 INTERACTION MODELING 
9 
. The "Tunneladderl1 slow-wave s t r u c t u r e  ( F i g c r e s  8 and 1 2 )  was dev i sed  t o  
provide  a  h igh  i n t e r a c t i o n  impeiance and hence a  p o t e n t i a l l y  h i g h  r a t e  o f  
g a i n  per  u n l t  l e n g t h  ,n i n t e r a c t i o n  wi th  a  s u i t a b i e  e l e c t r o n  beam. Computer 
s i m u l a t i o n  o f  a  TWT emb0dyir.g :.,is beam and c i r c u i t  was u n d t r t a k e n  t o  
con f i rm  t h e  s t r u c t u r e l s  promise.  The neces s3 ry  s o f t w a r e  was provided  by t h e  
codes  d e s c r i b e d  i n  t h e  c u r r e n t  7 a r i a n  Helix-TWT Computer Frogram Users1  
Manual. The founda t ion  f o r  d e a l i n g  w i t h  a  Txnneladder  TWT much as a h e l i x  
TWT was d i s c u s s e d  p r e v i o u s l y .  
To s t a r t  w i t h ,  t h e  n o t - q u i t e - c i r c u l a r  t u n n e l  r e g i o n  o f  t h e  i n t e r a c t i o n  
s t r u c t u r e  was assumed t o  be e x a c t l y  c i r c u l a r ,  a s  i f  t h e r e  were a  h e l i x  w i t h  
I . D .  and O . D .  o f  9.75 and 11.79 mm,  r e s p e c t i v e l y .  (The modeling was based 
on S-ban@ dimensions and f r e q u e n c i e s ,  though Q v a l u e s  a r e  t o  r e f l e c t  
mil l imeter-wave c o n d i t i o n s .  ) A beam d iame te r  o f  6.50 mm ( f i l l i n g  f a c t o r  
2/31 was assumed, a l o n g  wi th  a h e l i x - s h i e l d i n g  " b a r r e l v  d i ame te r  o f  19 .91  mm 
( sugges t ed  by t h e  i n n e r  f a c e s  o f  t h e  r i d g e s ) .  I m p o r t a n t l y ,  t h e  sma l l  
a z imu tha l  v a r i a t i o n  of' -f' f i e l d s  within t h e  beam c r o s s  - s e c  tian was 
cons ide red  a s  n e g l i g i b 7  E .  
I n  a d d i t i o n  t o  t h e  d i a m e t e r s  g iven  above ,  t b  - e f f e c t i v e l y  t u b u l a r  
c i r c u i t  was r e p r e s e n t e d  f o r  i n t e r a c t i o n  modeling pur2oses  by t h e  measured 
w-0 ,curve ( c u r v e  E i n  F i g u r e  13 and lowermost cu rve  i n  F i g u r e  1 4 )  and 
on-axis  sapphi re- rod  p e r t u r b a t i o n  d a t a  (E a t  bottom o f  F i g u r e  1 3 ) .  By 
p r o c e s s i n g  t h e  w-0 d a t h ,  t h e  c u r v e s  o f  phese v e l o c i t y  ( =  w i i 3 )  and group 
v e l o c i t y  ( =  awI1a0) v s  f requency  o f  F i g u r e  16 were qroduced.  F i g u r e  16 a l s o  
; 
shows how c i r c u i t  a t t enua t . i on  might vc ry  w i th  f requency .  ( S p l i n e - f u n c t i o n  
i n t e r p o l a t i o n  was used t o  p rov ide  con t inuous  c u r v e s  between o r i g i n a l - d a t  a  
p o i n t s  spaced r e l a t i v e l y  wide ly  i n  f requency;  a s  noted i n  F i g ~ r e  1 6 ,  t h e  1 %  
o f  e v e n t u a l  ho t  bandwidth is  s m ~ l l  compared wi th  t h i s  f r e q l ~ e n c y  s e p a r a t i o n .  ) 
T h i s  l o n e ,  t h e  o r i g i n a l  s apph i r e - rod  f r equency-pe r tu rba t ion  d a t a  cou ld  
be processed  t o  y i e l d  t h e  on-axis  P i e r c e  impedance. The methods used h e r e  
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Figure 16. Measured and derived TunneLadder interaction parameters. 
were s t a n d a r d  and i n c l u d e  t h e  "Lagerstrom c o r r e c t i o n n  f o r  e r r o r  due t o  t h e  
non-zero rod d iame te r .  Given t h e  t u b u l a r  c i r c u i t  r e p r e s e n t a t i o n  and t h e  
assumed beam f i l l i n g  factor. s t a n d a r d  methods were a l s o  a v a i l a b l e  for 
e s t a b l i s h i n g  a P i e r c e  impedance averaged ove r  t h e  beam c r o s s - s e c t i o n .  These  
impedances are f requency depezdent  (see F i g u r e  16 )  and appear  t o  peak c l o s e  
t o  t h e  proposed o p e r a t i n g  f requency (2.64 GHz f o r  t h e  s c a l e d  model).  T h i s  
f e l i c i t o u s  r e s u l t  s u g g e s t s  t h a t  t h e  t u n n e l  geometry h a s  been opt imized  s o  
t h a t  a t  0 = 60' an i d e a l  ba lance  h a s  been s t r u c k  between t h e  i n c r e a s e s  w i t h  
8 o f  t h e  impedance c l o s e  t o  t h e  rungs  and o f  t h e  r a t e  o f  decay  of a x i a l  E 
f i e l d s  from t h e  rung v i c i n i t y  toward t h e  system a x i s .  A s  f a r  as is known, 
t h i s  occu r rence  is a l t o g e t h e r  f o r t u i t o u s .  The P i e r c e  impedances achieved 
around 2.64 GHz -- well o v e r  100 ohms -- would be cons ide red  q u i t e  
r e s p e c t a b l e  by helix-TWT s t a n d a r d s .  
To p r e d i c t  t h e  g a i n  and bandwidth o f  t h e  h y p o t h e t i c a l  TunneLadder TUT, 
a p o s t u l a t e d  confined-flow beam microperveance o f  0.06 seemed r easonab le .  
Higher v a l u e s  might be c o n s i d e r e d ,  b u t  t h e  m a l l - s i g n a l  g a i n  would o n l y  
i n c r e a s e  roughly as t h e  1 / 3  power of t h e  perveance ,  wh i l e  t h e  
beam-in tercept ion  power wculd i n c r e a s e  a t  least l i n e a r l y .  The i n t e r c e p t i o n  
power might i n c r e a s e  even faster s i n c e  t h e  pe rcen tage  i n t e r c e 3 t i o n  would 
worsen wi thout  an i n c r e a s e  i n  t h e  focus ing  f i e l d .  T rue ,  t h e  i n c r e a s e d  
perveance could  l e a d  t o  some tube- length  r e d u c t i o n  ( rough ly  as 1 /3  power of  
perveance)  s o  t h a t  a somewhat s t r o n g e r  focus ing  f i e l d  might be ob ta ined  w i t h  
t h e  same weight  o f  magnet material. 
The h y p o t h e t i c a l  TWT was a l s o  p o s t u l a t e d  as having  two s e c t i o n s  wi th  50 
p e r i o d s  pe r  s e c t i o n  snd a z e r o - l e ~ i t h  "sever".  Accordingly,  t h e  
sma l l - s igna l  gain-vs-frequency c u r v e s  one may p r e d i c t  through t h e  s i m u l a t i o n  
procedures  are as shown i n  F i g u r e  17, where t h e  e f f e c t s  o f  changing t h e  beam 
v o l t a g e  Qr t h e  assumed e f f e c t i v e  c i r c u i t - c e l l  Q a r e  a l s o  i n d i c a t e d .  
Examining t h e s e  c u r v e s ,  t h e  c e n t e r  frequency o f  t h e  "hot" passband is 
seen  t o  tune  wi th  beam vol  t a g €  . T h i s  vol  tage-tuned-amplif; .er c a p a b i l i t y  
could be u s e f u l ,  s i n c e  d i f f e r e n t  commu~licat.ion channe l s  cou ld  be s e l e c t e d  by 
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Figure 17. Beam-voltage and Q dependencies of small-signal gain curve of hypothetical 
two-section TunneLadder TWT. 
changing t h e  v o l t a g e  and no t  t h e  tube  des ign .  Each such  channe l ,  o f  c o u r s e ,  
would r e t a i n  t h e  narrow i n s t a n t a n e o u s  bandwidth which, a t  21 kV and Q = 500,  
is ; .2$ o r  2.02, r e s p e c t i v e l y ,  f o r  t h e  "1-dB downn o r  "3-dB downn 
d e f i n i t i o n s .  ( I t  may be no ted ,  under c o n s t a n t  Q, t h a t  as t h e  v o l t a g e  is  
i n c r e a s e d  t h e r e  is a l s o  a s l i g h t  i c c r e a s e  i n  i n s t a n t a n e o u s  b~ dwidth and a 
s m a l l  d e c r e a s e  i n  peak g a i n . )  The d a t a  of F i g u r e  17 a l s o  s u g g e s t  t h e  
s e n s i t i v i t y  o f  t h e  channel  c e ~ t e r  f requency t o  beam-voltage mis - r egu la t ion  
-- when t h i s  frequency is e l e c t e d  t o  be f i x e d .  
I n  view o f  tine u n c e r t a i n t y  r e g a r d i n g  t h e  projected e f f e c t i v e  
c i r c u i t - c e l l  Q, t h e  a c t u a l  e f f e c t  o f  t h i s  Q on t h e  sma l l - s igna l  g a i n  cb. ,ve 
was inc luded i n  F i g u r e  17. A t  21 kV, t h e  peak g a i n  may be noted  t o  drop  
perhaps  4 dB as Q d e c r e a s e s  from i n f i n i t y  ( l o s s l e s s  c i r c u i t )  t o  250 (0.094 
dB/per iod) .  A s  is c h a r a c t e r i s t i c  o f  many WTs ,  a g iven  c i r c u i t  a t t e n u a t i o n  
has  less n e t  impact when t h e  g a i n  r a t e  ( r e p r e s e n t e d  h e r e  by BCN = 0.5 
dB/per iod)  is  high .  
To complete t h e  sma l l - s igna l  modeling, t h e  s e n s i t i v i t y  t o  t h e  assumed 
beam f i l l i n g  f a c t o r  was examined and found minimal: t h e  f i l l i n g - f a c t o r  
i n c r e a s e  from 0.667 t o  0.700, f o r  example, added on ly  0.3 dB t o  t h e  t o t a l  
s m a l l - s i g n a l  g a i n  o f  t h e  s i m u l a t e d  TWT. (The e f f e c t  on e f f i c i e n c y  and 
l a r q e - s i g n a l  g a i n  -- see 3elow -- u a s  s i m i l a r l y  t r i v i a l . )  
P r e d i c t i o n  o f  t h e  u l t i m a t e  helix-TWT outpu: power and conve r s ion  
e f f i c i e n c y  is based on l a r g e - s i g n a l  a n a l y t i c  r o u t i n e s  t h a t  are 
none-dimensional" (no  v a r i a t i o n  a c r o s s  any beam c r o s s - s e c t i o n )  and " d i s t a n c e  
s tepping" .  The computer c o s t  pe r  run is s u b s t a n t i a l ,  r e l s t i v e  t o  
sma l l - s igna l  r u n s ,  hence on ly  one s i g n a l  f requency (2 .64  GHz) and one beam 
v o l t a g e  (21  kV) were cons ide red ,  a long  wi th  t h e  same c i r c u i t  and beam 
parameters  a s  be fo re .  
The computer o u t p u t s  " f l i g h t  l i n e w  diagrams a s  well a s  a t a b u l a t i c r  
g a i n  r a t e  and rf power l e v e l  a s  e f u n c t i o n  o f  i n t e r a c t i o n  d i s t a n c e .  X 
s u f f i c i e n t l y  h igh  r f  i n p u t  power l e v e l  is p o s t u l a t e d  suck t h a t  " s a t u r a t i c ~ ~ ' :  
w i l l  be reached wi thin  a s h o r t  enough d i s t a n c e  a long t h e  s t r u c t u r e .  
Accordingly, a conversion e f f i c i e n c y  o f  21% was pro jec ted  at s a t u r a t i o n  f o r  
an assumed c i r c u i t - c e l l  L * 500. (The corresponding ' sa tura tedn ga in  is 
8 dB less than t h e  small-signal ga in  f o r  t h i s  hypc the t i ca l  TYT.) T h i s  
J e f f i c i e n c y  sugges t s  a "satura ted* power output  o f  800 i (and n a t u r a l l y ,  some 
l~ 
i n c r e a s e  i n  bandwidth under " large-s ignaln  opera t ion) .  If  only  200 o r  250 W 
of  output  were requ i red ,  t h e  tube  could be considered a ' l inear"  a m p l i f i e r ,  
- 
i with a "depressed c o l l e c t o r n  used t o  recover t h e  o v e r a l l  e f f i c i e n c y .  Given 
t t h e  na tu re  o f  t h e  spen t  beam i n  t h i s  case ,  t h e  depressed c o l l e c t o r  he re  
- i 
- i would be e f f e c t i v e  and economical t o  implement. 
If a b e t t e r  e s t imate  o f  t h e  e f f e c t i v e  c i r c u i t - c e l l  Q were 250 r a t h e r  
than 500, t h e  "sa tura tedw e f f i c i e n c y  and output  power would drop t o  18.7% 
and 710 Y, respec t ive ly .  Of course ,  any such power l e v e l s  might not  be 
a t t a i n a b l e  i f  hea t ing  o r  r f  vo l t age  breakdown imposed a lower limit. 
It is p o s s i b l e  t h a t  t h e  r f  power r a t i n g  o f  t h e  proposed tube  w i l l  be 
l i m i t e d  by rf vo l tage  breakdown r a t h e r  than by beam s a t u r a t i c n  (p rev ious  
s e c t i o n )  o r  by overheat ing (next  c h a p t e r ) .  C e n t r a l l y  maximum r f  vo l t ages  
a r e  developed from tape  t o  t ape  and from tape  t o  r i d g e ,  wi th  breakdown 
t h e r e f o r e  poss ib le  along t h e  s u r f a c e  o f  a diamond support  rod near t h e  TWT 
output  end. No d a t a  a r e  on hand regarding t h e  n i n s u l a t i o n  s t r e n g t h n  o f  a 
polished ( o r  perhaps i n t e n t i o n a l l y  roughened diamond s u r f a c e ,  even i f  
completely uncontaminated. Moreover, t h e  e f f e c t s  o f  shape and roughness o f  
t h e  Amzirc t ape  edges,  where bonded t o  the  d i e l e c t r i c ,  cannot as y e t  be 
accounted f o r .  The bes t  t h a t  can be done here  is t o  d e t e r m h e  t h e  c o n s t a n t  
o f  p r o p o r t i o n a l i t y  between t h e  maximum rf f i e l d  i n t e n s i t y  and t h e  
square-root o f  t h e  output  power, pe rmi t t ing  t h e  tube  r a t i n g  t o  be decided a t  
such time as t h e  r e l e v ~ n t  w i n s u l a t i o n  s t r e n g t h w  becomes known. 
Through study o f  t h e  equ iva len t  c i r c u i t  of Figure  15, a s  one c e l l  i n  an  
i n f i n i t e  chain ,  one can e s t a b l i s h  t h a t  around 2.64 GHz and 0 = 60' t h e  
tape-to-tape vo l tage ,  V1, is r a t h e r  comparable i c  magnitude t o  t h e  tape-to- 
r i d g e  vo l tage ,  V3. However, t h e  breakdown path l eng ths  f o r  V 1  and V wculd 3 
be i n  t h e  r a t i o  o f  7 t o  l G ,  r e ~ p e c t i v a l y .  Consequent ly ,  a t t e n t i o n  w i l i  be 
focused on t h e  a x i a l  t ape - to - t ape  E f i e l d s  as t h e  more l i k e l y  t o  exceed t h e  
s a f e  l i m i t  as r f  power i n c r e a s e s .  Of c o u r s e ,  d i v i d i n g  v o l t a g e  by d i s t a n c e  
o n l y  y i e l d s  an ave rage  E f i e l d  ( t h e  q u a n t i t y  t o  be e v a l u a t e d  be low);  i n  
a c t ~ a l i t y  t h e  f i e l d  c l o s e  t o  a t a p e  edge would s i g n i f i c a n t l y  exceed t h e  
average .  
An ax i a l - f i e ld /power - f low r e l a t i o n  is c o n v e n i e n t l y  e x p r e j s e d  by t h e  
2 2 P i e r c e  impedance, E /28 P which,  a t  t h e  p e r t i n e n t  v a l ~ e  cf 8 ,  i 3  124 ohms 
on -ax i s ,  bu t  1.33 time3 l a r g e r  o f f - a x i s  a t  t h e  mean r a d i ~ s  o f  t h e  sJpp03ed 
t a p e  h e l i x .  ( A l l  v o l t a g e s  h e r e  a r e  "peakn as opposed t o  " r n s n . )  The f i e l d  
t h a t  might t hen  be c a l c u l a t e d  would be c o r r e c t  f o r  v e r y  f i n e  t a p e s ;  t h e  
a c t u a l  ave rage  f i e l d  between h e a v i e r  t a p e s  wodld be  c l o s e  t o  t w i c e  g r e a t e r  
when t h e y  are as wide a j  t h e y  a r e  ( 6 / 1 3  o f  t h e  p e r i o d ) .  I n  sum, t h e  (peak )  
t ape - to - t ape  v o l t a g e  wodld be a round 20 times t h e  j q u a r e  r o o t  o f  t h e  o u t p u t  
power i n  w a t t s  (e .g. ,  280 v o l t s  a t  200 W ,  e t c . ) .  I n  t h e  42 GHz d e s i g n ,  
t h e r e f o r e ,  t h e  ave rage  f i e l d  between t a p e s ,  i n  (peak )  v o l t s / m i l ,  would be  
arodnd 2.9 time3 t h e  s q d a r e  r o o t  o f  t h e  o u t p u t  power i n  w a t t s ,  o r  40 
v o l t s / m i l  a t  200 W ,  e t c .  To r e i t e r a t e  a p o i n t  made i n  t h e  f i rs t  paragraph  
c f  t h i s  s e c t i o n ,  i t  is n o t  a t  p r e s e n t  known how c l o s e  t h e  jtress o f  40 
v o l t s / r n i l  mlght be t o  t h e  s u r f a c e  i n s u l a t i o n  s t r e n g t h  o f  t h e  propoaed 
d i e l e c t r i c  m a t e r i a l  a t  42 GHz; t h e  r e q u i j i t e  s p e c i a l i z e d  i n v e s t i g a t i o n  is 
recommended. 
7.0 THERMAL ANALYSIS 
I n  t h e  proposed TWT, i n t e r a c t i o n - s t r u c t u r e  temperatures  w i l l  rise a s  a 
r e s u l t  o f  both beam-interception and r f - d i s s i p a t i o n  hea t ing  and it is 
necessa ry  t o  e s t a b l i s h  t h a t  temperatures  w i l l  not exceed t h e  a l lowable .  
Th i s  might be 4 0 0 ~ ~  i n  a nspacer tube ,  o r  something h igher  i n  a n  n e a r t h n  
tube .  If  excess ive  temperatures  a r e  p red ic ted  i n  t h e  des ign s t a g e  ( o r  
observed i n  a "hotn t e s t )  t h e  fo l lowing measures a r e  among those  t h a t  can be 
considered:  mechanical r edes ign  t o  reduce heat-evacuation r e s i s t a n c e ;  
e l e c t r o n - o p t i c a l  redes ign t o  dec rease  beam i n t e r c e p t i o n ;  power-output 
d e r a t i n g  t o  decrease  d i s s i p a t i o n  power. 
I n  t h e  p resen t  p r e d i c t i o n  phase o f  thermal-effects  zssessment,  b rash  
assumptions become necessary  -- not s o  much regard ing  evacuat ion pa ths  and 
r e s i s t a n c e s  a s  concerning the  amount o f  t e a t  t h a t  might be inpu t t ed  a t  a 
g iven po in t  The t o t a l  i n t e r c e p t i o n  power under f u l l  rf d r i v e  might be  
es t imated a t  52 o f  t h e  beam pow-. (More impl ies  t h a t  t h e  tube  is u n l i k e l y  
t o  amplify we l l ;  l e s s  impl ies  t h a t  t: 2 e l e c t r o n - o p t i c a l  system is t o o  
n c r i t i c a l l y  ad jus tedn  and s u s c e p t i b l e  t o  upse t . )  However, t h e  f r a c t i c n  of  
t h i s  l i k e l y  t o  be i n t e r c e p t e d  i n  any one period is  almost  undef inable ,  g iven  
t h e  small tunnel  diameter and the  pauci ty  of exper ience  wi th  t h e  
corresponding e l e c t r o n - o p t i c a l  systems. Less u n c e r t a i n t y  e x i s t s  with regard  
t o  the  rf power d i s s i p a t e d  i n  the  f i n a l  c i r c u i t  period i n s o f a r  a s  an 
e f f e c t i v e  Q a t  t h e  a c t u a l  l o c a l  temperature  can be es t ima ted .  
Current  p r a c t i c e  is t o  assume the  l a s t  period is t h e  worst  " h i t "  by 
beam i n t e r c e p t i o n  a s  it is by r f  d i s s i p a t i o n .  I n  t h i s  c a s e ,  hea t  could f low 
away not only  t r a n s v e r s e l y ,  but  a x i a l l y ,  toward the  c o o l e r  gun end of  t h e  
c i r c u i t .  It is planned t o  ignore  t h i s  e f f e c t  he re  and accept  t h a t  t h e  
p red ic ted  temperature r i s e s  would then be p e s s i m i s t i c a l l y  h igh i n  t h i s  
regard .  The same would apply t o  t h e  dec i s ion  t o  neg lec t  r ad ia t ion-coo l ing  
e f f e c t s .  
Within t h e s e  l i m i t a t i o n s ,  t h e  b e s t  t h a t  can be done f o r  now is co 
examine some r e l a t i o n s h i p s  between t empera tu re  rises and p o s t u l a t e d  h e a t  
i n p u t s .  Unfo r tuna te ly ,  t h e  i n c l u s i o n  o f  diamond i n  one o f  t h e  two 
t r a n s v e r s e  evacua t ion  p a t h s  makes t h e  problem non- l inea r .  Not o n l y  a r e  




The geometr ic  symmetries o f  t h e  s t r u c t u r e  c r o s s  s e c t i o n  ( F i g u r e  8) 
permi t  d i v i s i o n  i n t o  f o u r  quadran t s  f o r  which symmetry might p r e v a i l  
t h e r m a l l y  a s  well a s  mechanica l ly .  I n  t h i s  c a s e ,  Neumann boundary p l a n e s  
would l ie  a long  t h e  mid-plane through t h e  diamond rod3  and a l o n g  t h e  p l a n e  
des igna ted  "rang-pair  i n t e r f a c e n .  The d i s t i n c t i o n s  between "watts pe r  
pe r iodn  and "wat,ts pe r  o e r i o d  p e r  quadran tn  can be made e a s i l y  enough w i t h  
r e g a r d  t o  e i t h e r  t h e  beam i n t e r c e p t i o n  o r  r f - d i s s i p a t i o n  h e a t i n g .  
7.2 B E A M T I O N  - PO- 
S e v e r a l  t empera tu re - r i s e  p r e d i c t i o n s  were based on t h e  assumpt ion  o f  
10 W per pe r iod  per  quadrant  as a p o s s i b l e  worst-case beam-in tercept ion  
power i n p u t .  Th i s  would a p p l y  i f  t h e  t o t a l  i n t e r c e p t i o n  (under  f u l l  rf 
d r i v e )  were 5% o f  t h e  beam power (which = 1 kW p e r  quadran t )  and i f  a i l  o f  
t h i s  i n t e r c e p t i o n  e s s e n t i a l l y  occurred  uni formly  ove r  t h e  las t  f i v e  p e r i o d s .  
Hopefully,  i n  p r a c t i c e ,  t h e  t o t a l  i n t e r c e p t i o n  ( i f  n o t  less t h a n  5% o f  t h e  
beam power) might e f f e c t i v e 1 1  be spread  over  more than  f i v e  p e r i o d s ,  s o  t h a t  
t h e  i n t e r c e p t i o n  per  any one pe r iod  might be l e s s  t h a n  t h e  i n d i c a t e d  1% o f  
t h e  beam power. If n o t ,  i t  would be s a f e s t  t o  e n s u r e  t h a t  t h e  s t r u c t u r e  
could wi ths t and  t h i s  wors t -case  l e v e l .  
S e v e r a l  assumptions can be made r e g a r d i n g  t h e  t r ansve r se -p l ane  
d i s t r i b u t i o n  o f  t h i s  h e a t  i n p u t .  I n  t h e  s i m p l e s t  c i ~ e ,  t h e  power might  be 
assumed t o  be uni formly  d  :osiLed over  t h e  0.25 mm o f  t a p e  where it is 
suppor ted  by diamond. However, i t  is  more l i k e l y  t h a t  t h e r e  w i l l  be sone  
c o n c e n t r a t i o n  on t h e  c e n t e r l i n e  (assumiag i d e a l  beam aq.ignment) ana a l s o  
some d e p o s i t i o n  o f  i n t e r c e p t i o n  power on t h e  t a p e  o u t s i d e  t h e  
diamond-supported segment. To q u a n t i f y  t h i s  d i s t r i b u t i o n  p a t t e r n ,  more 
would have t o  be known about t h e  beam-edge cur ren t -dens i ty  p r o f i l e  (under 
d r i v e )  than is p o s s i b l e  a t  p resen t .  
7.3 BF-DISSIPATION PO-
4 
A t  t h e  "opera t ing point"  t h e  rf power d i s s i p a t e d  per per iod per 
quadrant  can be expressed as 1 . 4 4  t i m e ,  t h e  t o t a l  rf power l e v e l .  If t h e  Q 
va lue  here were t o  r e f l e c t  a l l  sources  oQ l o s s  ( d i e l e c t r i c ,  s i d e w a l l s ,  e t c .  
a s  wel l  a s  t a p e s ) ,  t h e  computation wuuid y i e l d  t h e  t o t a l  power d i s s i p a t e d .  
However, i f  the  Q is  merely t h a t  of  t h e  l adder  rung,  one o b t a i n s  only t h e  
d i s s i p a t i o n  along a rung. For now, t h i s  is t h e  plan being followed, 
implying t h a t  r f  power d i s s i p a t e d  anywhere but a long a rung is being ignored 
with regard t o  poss ib le  temperature  r i s e s .  
The Q of a copper rung was p rev ious ly  es t imated (Chapter 5 )  a t  about 
670, a t  room temperature ,  and neg lec t ing  t h e  e f f e c t s  of  roughness and 
"anomalous s k i n  e f f e c t n .  With a temperature c o e f f i c i e n t  of  r e s i s t i v i t y  o f  
about 0.004 pe r  OC,  copper 's  dc r e s i s t i v i t y  would double i f  -- a s  t h e  f i n a l  
r e s u l t  of  i n i t i a l  rf h e a t i n g ,  reduced Q ,  increased d i s s i p a t i o n ,  f u r t h e r  
hea t ing ,  e t c .  -- t h e r e  were a temperature  r i s e  of about 250'~. The 
corresponding drop i n  rung Q would be about 30%. Of course ,  temperature  
(and hence r e s i s t i v i t y )  would vary alollg t h e  l eng th  of  t h e  rung,  though t h e  
c o o l e s t  por t ion  would be near t h e  s i d e  wa l l  where rf c u r r e n t  is most 
~ F g ~ i f i c a n t .  It t h e r e f o r e  seems reasonable  t o  a t tempt  t empera tu re - r i se  
p r o j e c t i o n s  on the  b a s i s  of Q = 5u0, but  t o  consider  Q = 250 a s  wel l  t o  
avoid p o s s i b l e  overoptimism. The f inal - rung d i s s i p a t i o n  per  quadrant  would 
then  be about 1/360 ( f o r  Q = 500) o r  1/180 ( f o r  Q = 250) o f  t h e  TWT ou tpu t  
power, which is  nominally 200 W ,  but  might be  800 W f o r  " s a t u r a t e d v  
opera t ion .  
I n  view of  the  above, r f  rung d i s s i p a t i o n s  ranging from 0.5  t o  4.5 W 
per quadract  might be considered f o r  temperature-r ise  p r o j e c t i o n s  (wi th  
i n t e r c e p t i o c  hea t ing  occur r ing  a t  the  samP t ime) .  The r f  energy would, o f  
course ,  be assumed t o  be deposi ted  a long t h e  t ape  a s  an i n c r e a s i n g  f u n c t i o n  
of d i s t a n c e ,  x ,  from the  c e n t e r .  S p e c i f i c a l l y ,  the  func t ion  s i n 2  ( n x R P )  
should be a good approximation,  where is  t h e  developed t a p e  l eng th  from 
c e n t e r  t o  s i d e w a l l .  I n  t h i s  case, abou t  82% o f  t h e  power i n  q u e s t i o n  would 
be g e n e r a t e d  i n  t h e  ou t e rmos t  0.6 mm ( p e r  F i g u r e  8) o f  t h e  rung  s p a n  -- 
e s s e n t i a l l y  t h e  p o r t i o n  where t h e  t a p e  is  f l a t  and p e r p e n d i c u l a r  t c  t h e  s i d e  
w a l l .  
F i g u r e  18  s u g g e s t s  how t h e  f e a t u r e s  o f  t h e  i n t e r a c t i o n  s t r u c t u r e  o f  
F i g u r e  8 m i ~ h t  be adap ted  t o  enhance t h e  t he rma l  c a p a b i l i t y  o f  t h e  e v e n t u a l  
TWT d e s i g n .  Two a x i a l  c o o l a n t  d u c t s  ( o r  e q u i v a l e n t  hea t - s ink  means) a r e  
propased f o r  t h e  " s idewa l l s "  such  t h a t  a minimum the rma l  r e s i s t a n c e  is  
o b t a i n e d  between t h e  "coo lan tn  and t h e  rung  anchor  p o i n t s .  Two a d d i t i o n a l  
a x i a l  c o o l a n t  d u c t s  a r e  proposed f o r  t h e  base  o f  each  r i d g e ,  s i m i l a r l y  
minimizing t h e  t he rma l  r e s i s t a n c e  between t h e  c o o l a n t  and t h e  diamond r o d s .  
I n  pursuance o f  t h i s  o b j e c t i v e ,  a t a l l  r i d g e  wculd be u n d e s i r a b l e ,  hence t h e  
" s i d e  groovesn  o f  F i g u r e  8 might  be modi f ied  i n  p r o f i l e  ( p e r  F i g u r e  1 8 )  t o  
permi t  bo th  a s h o r t  r i d g e  and a low lower -cu to f f  f r equency  ( F i g u r e  1 4 ) .  
0 Cur ren t  p r a c t i c e  is t o  assume a c o o l a n t  t empera tu re  of 100 C ( " t u b e  body 
t empera tu re" )  when p r e d i c t i n g  t e m p e r a t u r e  r i s e s  deepe r  w i t h i n  t h e  t u b e .  
A p r e l i m i n a r y  a s se s smea t  o f  t h e  t e m p e r a t u r e - r i s e  s i t u a t i o n  was 
a t t empted  Sy assuming comple te  s e p a r a t i o n  o f  t h e  two h e a t  i n p u t s  and t h e  two 
e v a c u a t i o n  p a t h s .  T h i s  is tan tamount  t o  c u t t i n g  t h e  rung  t a p e  s o  t h z t  
beam-in tercept ion  h e a t  may e x i t  o n l y  v i a  t h e  diamond r o d s ,  and 
r f - d i s s i p a t i o n  h e a t  o n l y  v i a  t h e  s i d e w a l l s .  Some v a l u a b l e  gu idance  was 
ob ta ined  i n  t h i s  way, and l a t e r  a n a l y s i s  ( n e x t  s e c t i o n )  i n d i c a t e d  t h a t  t h e  
r e s u l t s  o b t a i n e d  were r e a s o n a b l y  v a l i d  i n  a l l  b u t  some ext reme c a s e s .  
Proceeding  a c c o r d i n g l y ,  a 0.063 x 0.15 mm t a p e  was assumed s e v e r e d  
a b o u t  0.6 mm from t h e  s i d e w a l l  anchor  p o i n t  and t h e  r f  rung  d i s s i p a t i o n  
power pe r  q u a d r t n t  was i n p u t t e d  un i fo rmly  a l o n g  t h i s  t a p e  segment. Assuming 
0 a t e m p e r a t u r e - i n v a r i a n t  thermal  c o n d u c t i v i t y  o f  3.88 w a t t s  per  cm pe r  C ,  a 
" l i n e a r  s o l u t i o n w  of  80°c p e r  w a t t  p e r  p e r i o d  p e r  quad ran t  would t h e n  be  




























































































































































































up t o  5 W p e r  quadrant  might be t o l e r a t e d  wi thout  exceed ing  4 0 0 ~ ~ .  A s  
d i s c u s s e d  i n  S e c t i o n  7.3,  t h e  a c t u a l  rung d i s s i p a t i o n  power is a n t i c i p a t e d  
t o  be between 0.5 and 4.5 W p e r  quadran t .  
A s  f o r  beam-in tercept ion  power, t h e  amount impinging on one t a p e  ( two 
q u a d r a n t s )  is assumed t o  s t a r t  f lowing outward tL1-cugh 0.25 mm o f  diamond 
where t h e  c r o s s  s e c t i o n  is 0.25 mm x 0.33 mm, which is  one pe r iod .  ( T h i s  
r e q u i r e s  s i m p l i f y i n g  assumpt ions  about  t h e  spread  o f  h e a t  from t h e  t a p e  t o  
t h e  diamond and t h e  n e g l e c t  o f  any a x i a l l y  d i r e c t e d  h e a t  f low. The h e a t  is 
then  assumed t o  sp read  immediately a c r o s s  t h e  copper  r i d g e ,  wi th  a c r o s s  
s e c t i o ~ ~  o f  1 .1  x 0.33 mm, and t r a v e l  0.5 mm t o  t h e  base of t h e  r i d g e .  On 
t h i s  b a s i s ,  t h e  " l i n e a r w  t empera tu re  d rop  from t o p  t 3 base o f  r i d g e  might be 
abou t  7 ' ~  p e r  wat t  per  pe r iod  per  quadran t ,  o r  70°c f o r  t h e  "worst-casett 
i n t e r c e p t i o n  l e v e l  s t a t e d  i n  S e c t i o n  7.2 
For  t h e  non- l inee r  p o r t i o n  o f  t h i s  problem, one may e x p r e s s  t h e  
0 tempera ture  d i f f e r e n c e  a c r o s s  t h e  diamond i n  C a s  15.6/M pe r  w a t t  p e r  
pe r iod  pe r  quadran t ,  where M is t h e  theruial  c o n d u c t i v i t y  o f  diamond r e l a t i v e  
t o  copper ,  s u i t a b l y  averaged over  t h e  t empera tu re s  t h a t  might p r e v a i l  w i t h i n  
t h e  d i e l e c t r i c .  From F i g u r e  11 i t  can be seen  t h a t  M must l i e  between 5 
( 1 0 0 ~ ~  everywhere)  a r  d 3 ( 4 0 0 ~ ~  everywhere) .  Thus, f o r  t h e  ltworst-casefl 
i n t e r c e p t i o n  l e v e l  s t a t e d  i n  S e c t i o n  7 .2 ,  t h e  t empera tu re  d i f f e r e n c e  a c r o s s  
t h e  diamonc rod might  range  from about. 30 t o  SC'C, which i n  any c a s e  is less 
t h m  t h e  d rop  from t h e  t o p  t o  t h e  base o f  t h e  r i d g e .  
F i g u r e  19 was prepared  t o  r e p r e s e n t  t o  s c a l e  one quadrant  o f  one pe r iod  
o f  t h e  i n t e r a c t i o n  s t r u c t u r e  f o r  thermal-modeling purposes .  A s  may be 
no ted ,  t h e  rung o r  t a p e  has  been p u l l e d  o u t  s t r a i g h t  (which has  l i t t l e  
e f f e c t  t h e r m a l l y  when r a d i a t i o n  is  i g n o r e d )  and d i v i s i o n  i n t o  c e l l s  h a s  been 
i n s t i t u t e d .  Each c e l l  rids one o r  more numbered "nodesm. Nodes 25 - 42 and 
45 - 56 i d e n t i f y  t h e  t a p e ,  and 14 - 15 and 19 - 28 t h e  diamond. A l l  nodes 
below 14 and 15  belong t o  t h e  r i d g e  and a l l  nodes t o  t h e  r i g h t  o f  42 belong 
t o  t h e  s i d e w a l l  mass o f  copper p e r  F i g u r e  18. The dimension o f  a l l  c e l l s  
normal t o  t h e  diagram is t h e  p e r i o d ,  excep t  f o r  t h e  ce l l s  o f  t h e  t a p e  f o r  

which the  amount is  46% o f  t h e  per iod.  The teaperatl . res o f  noder ' - 3 ,  10, 
18 and 44 a r e  assumed f ixed a t  1 0 0 ~ ~ .  Figure  11 provided t h e  
theimal-conduct iv i ty  valubs  with t h e  temperature  v a r i ~ t i o n  3eg lec ted  only  i n  
t h e  case  of  copper. 
Th i s  r e p r e s e n t a t i o n  was used i n  conjunct ion witah program VULCAF t o  
r e l a t e  node teuiperatures t o  hea t  inpu t  v i a  t h e  methods c f  rheology.  Sms l le r  
c e l l s  provide g r e a t e r  accuracy,  but  more e f f o r t  is required t o  inpu t  t h e  
numerous r e s i s t a n c e s  connect ing each node with i t s  neighbors.  The smal l  
c e l l s  14, 15 and 27 - 30 a r e  intended t o  inc rease  aceuracy where t h e r z  is a 
change i n  mate r i a l  o r  a change i n  t h e  dimension normal t o  t h e  diagram. The 
omission of  a small cell-  between 42 and 43 may t h e ~ * e f o ~ - e  d crease  accuracy 
a s  does t h e  l a r g e  c e l l  s i z e  a t  7 and 13. (This  i a t t e r  became ev iden t  a f t e r  
i n t e r p r e t a t i o n  of the  f i n a l  r e s u l t s ;  given the  t ime a v a i l a b l e ,  d e s i r a b l e  
ref inements  could be i d e n t i f i e d  but  n u t  implemented.) 
The t o t a l  beam-interce9tion power per period per quadrant ,  Phi, was 
inpu t t ed  t o  nodes 45 - 47 i n  t h e  amounts o f  50%, 37.5% and 1?.5%, 
r e s p e c t i v e l y ,  t o  suggest  t h e  way in te rcep t io l :  power might be d i s t r i b u t e d  i~ 
the  t r a n s v e r s e  plane.  The t o t a l  r f  d i s s i p a t i o n  power per run3 per q u a A r & ~ ~ i ,  
Prfd,  was inpu t t ed  t o  nodes 48 through 56 i n  aaounts  oi' 1.5% through 19.8%, 
r e s p e c t i v e l y ,  t o  suggest  t h e  s im-squared  d i s t r i b u t i o t ,  d iscussed !n S e c t i o n  
7.3. (The node s e r i e s  48 - 56 i s  e s s e n t i a l l y  redundant t o  the  s e r i e s  34 - 
42 i n  view of t h e  n e g l i g i b l e  thermal r e s i s t a n c e  between corresponding 
nodes. ) 
The r e s u l t s  of  a VULCAN run inc lude  a t a b u l a t i o n  of  the  s t e a d y - s t a t e  
temperatures  reached a t  t h e  va r ious  nodes. Also output ted  a r e  PD3, t h e  
thermal power e x i t t i n g  v i a  t h e  diamond and r i d g e ,  and PSW, t h a t  e x i t t i n g  
toward the  s idewal l .  To t h e  e x t e n t  t h a t  PDR-Pbi and PSW- p 
r f d '  t h e  
separa t ion-of -e f fec t s  concept of Sec t ion  7.4 is  va l ida ted .  Th i s  seems t o  be 
the  c a s e  ( s e e  below) except when Pbi < <  Prfd o r  v i c e  versa .  
Some t y p i c a l  r e s u l t s  a r e  summarized below, covering two hypo the t i ca l  
l e v z l s  o f  Pbi and four  o f  Prfd. Within the  l i m i t a t i o n s  of  t h e  methods uaed,  
t h e s e  d a t a  can sugges t  how t h e  proposed s t r u c t u r e  might respond t o  its 
thermal c h a l l e n g e s  and whht t h e  l i m i t a t i c n s  might be. 
t empera tu re  a: 
Run 
'bi 'rfd P~~ 'SU maximum Noas 
( w a t t s  p e r  pe r iod  pe r  quadran t )  ( OC ! 
I m p l i c i t  i n  t h e  abcve d a t a  is t h e  a p a a r e n t  t he rma l  r e s i s t a n c e  o f  t h e  
r i d g e  -- 17Oc/U on a per-period per-quadrant  sasis. T h i s  seems h i g h e r  t h a n  
is easonab le  and is ve ry  l i k e l y  a n  artifact o f  t h e  e x c e s s i v e  cel l  s i z e  
adopted a t  7 and 13. ( I f  s o ,  t h e  p r e d i c t e d  t empera tu re  rises would be 
p e s s i m i s t i c . )  The a p p a r e n t ,  e f f e c t i v e  thermal  r e s i s t a n c e  a c r o s s  t h e  d iaaond 
( p e r  per iod  per  quadran t )  is i n  t h e  v i c i n i t y  of  ~ O C / W  ( =  5 times " b e t t e r n  
than  copper)  when t h e  h e a t  f l u x  is low (Runs 5 t o  7 )  and i n  t h e  v i c i n i t y  o f  
4.4 t o  4.9 OC/W (3.2 t o  3.6 times b e t t e r  t han  coppe r )  when t k e  h e a t  f l u x  is 
h i g h  (Runs 1 t o  4 ) .  
8.3 OTHER FEATURES OF EVENTUAL TW'i 
It is intended a t  t h i s  t i n e  t o  suggest  on ly  a few t e n t a t i v e  f a b r i c a t i o n  
op t ions  f o r  the  shaped l adder  ha lves  o f  L millimeter-wave TunneLadder 
i n t e r a c t i o n  s t r u c t u r e .  I f  t h e  l adder  were t o  be f l a t ,  t h e  approach of 
winding Amzirc r ibbon on a s u i t a b l e  frame would clearLy be a s t r o n g  
candidate .  T h i s  iiould lead t o  the  l e a s t  s u r f a c e  roughness and t h e  
cross-sect ion shape might be s e l e c t e d  s o  as t o  maximize t h e  tape-to-tape rf 
breakdown vo l t age .  Computerized winding machines now s tandzrd  f o r  h e l i x  
TWTs would ensure  low c o s t  and uniformity  c f  t h e  per iod.  The need t o  shape 
t h e  l adder  t o  form a h a l f  tunne l  5 i g h t  c o t  d e t e r  cne frcm choosing t h e  
urnding approach i f  t h e  rungs  could remain p a r a l l e l  a ~ d  uniformly spaced 
d d u r i c s  the  r e q u i s i t e  deformation.  Th i s  might be implemented bj s o l d e r i n g  
t h e  f l a t  l adder  t o  a suppor t ing  shee t  cf f o i l  before  shaping,  and then  
d i a s c l v i n g  2way t h e  f o i l  at scme l a t e r  time. 
Laser machining might provide a very  d i f f e r e n t  approach s i n c e  one would 
start with a p l a i n  Amzirc f o i l  and shape it ( tc  c r e a t e  h a l f  t h e  tunne l )  
o e f ~ r e  s i i t t i n g  it i n t o  rungs  with a computer-controlled scanning l a s e r  beam 
of very f i n 2  diameter.  O r d i n a r i l y ,  copper ' s  h igh thermal conduc t iv i ty  
p resen t s  grave d i f f i c u l t i e s  f o r  l a s e r  machining, but  t h e  t h i n n e s s  o f  t h e  
f o i l  i n  the  p resen t  ezse changes t h a t  p i c t u r e .  Other d i f f i c u l t i e s  farmerly  
assoc ia ted  wi th  copper 's  high i n f r a r e d  r e f l e c t i v i t y  have been over2oa.e by 
h2lving the  l a s e r  wavelenqth , producing a green-bppearing c u t t i n g  beam. The 
major drawback, houever, r e s i d e s  wi th  t h e  r e l a t i v e l y  rough s u r f a c e  
assoc ia ted  with l a s e r  c u t t i n g ,  though q u a n t i t a t i v e  d a t a  nave not  bee;r 
examined, nor has  t h e  p o s s i b i l i t y  o f  slowing t h e  scanning s p e d  t o  o b t a i n  2 
smoother c u t .  
Photo-etching ( o r  "chemical m i l l i n g n )  can nowadays l eave  a f a i r 1 1  
smooth f i n i s h  on copper,  and it is now a l s o  p o s r i b l e  t o  s o l e c t  t h e  a n g l e  
des i red  between the  edge of ttie c u t  and the  s u r f i c e  o f  t!!e o - ig ina l  f o i l .  
Thus, it would be easy Por t h e  l adder  rungs t o  nave a t r ? p e z o i d a l  
c ross - sec t ion  (probably  not  poss ib le  with l a s e r  o r  d i scharge  machining) w i t h  
t h e  wider f a c e  in tended t o  r e a t  a g a i n s t  t h e  diamond support  W s .  It is 
bel ieved t h a t  t h i s  m u l d  maxiaize She rung-to-rung rf breakdown vol tage.  A s  
f o r  t h e  shaping o f  t h e  l adder ,  t h z  beat  procedure should be t o  apply  and 
*exposen t h e  wti3istn while  t h e  Amzirc f o i l  is f l a t ,  followed by shaping of 
t h e  f o i l  and ?hen e t c h i n g  t h e  slits bettieen rungs (and d i s s o l v i n g  t h e  
r e m a i n i ~ a  ~*sist 1. 
Electron-diacharqe machining (EDH) can c e r t a i n l y  be -&ed t o  slit a f o i l  
a f t e r  t h e  r e q ~ i s i t e  shaping,  i f  one is w i l l i n g  t o  i n v e s t  i n  t h e  necessary  
wburningw t o o l s  -- an  a r r a y  o f  n b u n e r s *  if a l l  t h e  slits are t o  be c u t  i n  
one pass ,  o r  one burner (uhich would wear o u t  much -re r a p i d l y )  i f  t h e  
s l i ~ s  a r e  t o  be c a t  succesuively .  The eventual  s u r f a c e  f i n i s h  would r e g d i r e  
con3idzrat fon a long wi th  t h e  probable l i m i t a t i o n  t o  perpendicular-only  c u t s .  
T r a n s i t i o n s  between rec tangu la r  waveguide and t h e  I n t e r a c t i o n  s t r u c t u r e  
are c l e a r l y  necessary  f o r  t h e  inpu t  and ou tpu t  o f  an  even tua l  TunneLadder 
TUT, but t h e i r  des ign and development should be f a c i l i t a t e d  by t h e  
narrowness o f  tile bandwidth o f  i n t e r e s t  and t h e  p r e d i c t i o n  t h a t  t h e  "image 
impedancew v a r i e s  l i t t l e  over  t h e  a p p l i c a b l e  frequency range (Sec t ion  4.5). 
It is c l e a r  t h a t  ( f o r  t h e  correc: mode) t h e  slow-wave s t r u c t u r e  mu3t be 
e x c i t e d  by t r a n s v e r s e  E f i e l d s ,  i n  each ridge-to-rung gap,  t h a t  a r e  equa l  -- 
and cppo3i te ly  po la r ized  a t  a given i n s t a n t  of time. I n  t h i s  regard,  t h e  
TunneLadder s t r u c t u r e  m3embles coupled-cavity s t r u c t u r e s  t h a t  .me p a i r s  o f  
coupl ing aper tu res ,27  and t h e  3ame coupler-Cc3ign p r i n c i p l e s  should be 
app l icab le .  28 
I n  t h i s  case, t h e  l o n g i t ~ d i n a l  a x i s  of t h e  waveguide is normal t o  t h e  
i n t e r a c t i o n - s t r u c t u r e  ( o r  beam) a x i s  w i t 9  a broad wall o f  t h e  wavegaide 
providing an i n t e r f a c e  with t h e  t runca ted  end of t h e  pe r iod ic  s t r u c t u r e .  
Moreover, t h e  l o n g i t u d i n a l  a x i s  o f  t h e  wavegdide i3  al igned with t h e  l adder  
p lane ("rung-pair i n t e r f a c e n  i n  Figure  8).  Thus, when t h e  i n t e r f a c i n g  broad 
wal l  is s a i t a b l y  and 3ymmetrically a p e r t u r e d ,  t h e  d e s i r e d  E-field ampl i tudes  
and phases w i l l  be obtained.  Very l i k e l y ,  a s i n g l e  c e n t r a l  c i r c u l a r  
a p e r t u r e  would s u f f i c e  t o  provide two s d i t a b l e  ridge-to-rung v o l t a g e s  i n  t h e  
Tunnetadder case. (This  a p e r t u r e  would be c o n c e n t r i c  with a smaller round 
ho le  i n  t h e  oppos i t e  broad wall, through which t h e  e l e c t r o n  beam would e n t e r  
and t r a v e r s e  t h e  waveguide. ) 
Other f e a t u r e s  o f  t h e  rec tangu la r  waveguide would be its reduced h e i g h t  
(aad t h e  necessary  taper from s tandard  h e i g h t )  and t h e  f a m i l i a r  a d j u s t a b l e  
nyhortn loca ted  jut beyond t h e  coupling region.  Addit ional a d j u s t a b l e  
reactance-tuning elements could be int roduced i n t o  t h e  wavegdide, between 
t h e  m u p l i n g  region and t h e  conventional "windowm. I n  t h e  coupl ing reg ion ,  
t h e  g r e a t e s t  poss ib le  degree of symmetry about t h e  ladder  p lane is d e s i r e d  
t o  minimize e x c i t a t i o n  o f  t h e  "fast-waven antisymmetric mode (Sec t ion  
4.3.2). I n  f a c t ,  one can cons ider  in t roduc ing  s p e c i a l  3crows (wi th  axes  
norca l  t o  t h e  l adder  p lane)  i n t o  t h e  waveguide, t o  be a d j u s t e d  30 as t o  
counterbalance any r e s i d u a l  asymmetry when t u b e  opera t ing  temperatare  h a s  
been reached. A l l  such "t?irnmersn are t y p i c a l l y  e f f e c t i v e  on ly  over  narraw 
bandwieths, but narrow bzndwidths are f o r t u n a t e l y  s u f f i c i e n t  here.  
High-gain, broad-band TUT3 of any type r e q u i r e  a t  ieast one "severn f o r  
s t a b i l i % y ,  became a p e r f e c t  uhotu match a t  t h e  ends  c;n:ot be gua-an teed  a t  
a l l  f r sqaenc ies  f o r  which ga in  is  poss ib le .  The sever  ensures  t h a t  t h e  
t o t a l  a t t a u a t L o n  of t h e  feedback pa th  ( c i r c a i t  a t t e n u a t i o n  p l u s  " re tu rn  
l o s s e s n  f o r  inpa t  and output  coup le r s ,  windows,  an^ ~ t e r n a l  loads )  w i l l  
always exceed t h e  TUT gain .  On t h e  o t h e r  hznd, t h t  >posed TunneLadder TWT 
may present  a s p e c i a l  c a s e ,  with its narrow amplifying S a ~ d w i d t h  ( a t  most a 
few p e r c e n t ) ,  low r e q ~ i r e d  g a i r  (perhaps  32 dB, n3mall-signal") ,  and t h e  
l i k e l i h r o d  fn s e r v i c e  o f  f ixed  i n p ~ t  and ou tpu t  loads .  I f  t h e  b a s i c  circdit 
a t t e n u a t i o n  were 6 dB, a sever  would be annecessary i f  t h e  n e t  "ho:" r e t u r n  
l o s s  a t  each end could be set and held t o  a t  l e a s t  13 dB (VSUR = 1.6). This  
should not  be d i f f i c u l t  t o  achieve,  wi th  s u i t a b l e  u t r i ~ i n g n ,  over  t h e  
narrov bandwidth ind ica ted .  The pe3s ibFl i ty  of a 3evep-less o r  nboosterm 
type TWT should t h e r e f o r e  be considered.  
However, i f  a never i 3  deemed necessary, it could be o f  t h e  "ex te rna ln  
:ype o f ten  ased with coupled-cavity TUTs. That is, t h i s  s e v e r  c o n s i s t s  of 
two t r a n s i t i o n s  fl-om i n t e r a c t i o n  s t r u c t u r e  t o  waveguide (similar t o  those  a t  
t h e  inpu t  and o u t p u t )  and two waveguide t e r m i n a t i o n s .  With beam f o c u s i n g  
means o t h e r  than  PPM, t h i s  approach cou ld  well be t h e  s i m p l e s t .  
A l t e r n a t i v e l y ,  t h e  s e v e r  approach used i n  h e l i x  TYTs cou ld  be  cons ide red .  
I n  t h i s  ca se  t h e  d i e l e c t r i c  suppor t  r o d s  would r e c e i v e  a r e s i s t i v e  c o a t i n g  
nea r  t h e  a i d d l e  o f  t h e  tube .  h l onge r  t u b e  l e n g t h  would r e s u l t ,  b u t  t h i s  
s e v e r  should  a l s o  be e f f e c t i v e  i n  abso rb ing  energy conve r t ed  i n t o  t h e  
antisymmetric-mode " f a s t  wave". 
9.0 CONCLUSIONS AND RECOMMENDATIONS 
An eleven-month s t u d y  program has  been completed by way o f  p r e p a r a t i o n  
f o r  f u t u r e  development o f  a low-cost a l t e r n a t i v e  TWT f o r  42 GHz 
communications sys tems.  During t h i s  program, a new i n t e r a c t i o n  s t r u c t u r e  
(TunneLadder) h a s  emerged, and its e l e c t r i c a l ,  mechanica l  a d  the rma l  
e v a l u a t i o n s  ( v i a  s c a l e d  c o l d - t e s t  modeling and computer-supported a n a l y s i s )  
l end  v a l i d i t y  t o  t h e  b a s i c  NASA-originated d e s i g n  premise .  T h i s  premise 
adv i sed  s a c r i f i c i n g  bandwidth i n  a mi l l imeter -wave  space-communications TWA 
f o r  t h e  gake o f  a very  h igh  i n t e r a c t i o n  impedance and t h e  many r e s u l t i n g  
advan tages ,  such  as a s h o r t  i n t e r a c t i o n  l e n g t h ,  a r e l a t i v e l y  small f o c u s i n g  
magnet ,  and a l e s sened  impazt o f  c i r c u i t  a t t e n u a t i o n  on g a i n  and e f f i c i e n c y .  
The recommendation o f  maximizing ~ a i n  p e r  u n i t  l e n g t h  v i a  i n t e r a c t i o n  
w i t h  t h e  fundamental  Bloch wave o f  a "forward-waven c i r c u i t  was a l s o  
fo l lowed,  a long  wi th  t h e  a d v i c e  t o  s e l e c t  a p e r i o d i c  slow-wave s t r u c t u r e  
based or, a ladder t h a t  ~ - 3 u l d  be f a b r i c a t e d  by some means o t h e r  t han  t h e  
a x i a l  s t a c k i n g  of cup - l i ke  c a v i t i e s  (which would b e  numerous, d i m i n u t i v e  and  
c o s t l y  f o r  a 42 2Hz a m p l i f i e r ) .  However, t h e  ladder -based  i n t e r a c t i o n  
s t r u c t u r e  s e l e c t e d  was no t  f l a t ,  b u t  adapted  t o  accommodate a pencj.1 beam. 
I n  view o f  a l l  t h e  d e s i g n  premises  s t a t e d ,  commonality w i th  helix-TWT 
f e a t u r e s  was perce-ived -- excep t  f o r  t h e  high-impedance and narrow-bandwidth 
a s p e c t s  -- and r e c e n t  mil l imeter-weve advances i n  t h i s  a r t  were reviewed.  
The n2w technology o f  diamcnd s u p p c r t  r o d s  was thereupon co-opted,  and its 
b e n e f i t s  f u r t h e r  enhanced by i n t r q d u c i n g  s p z t i a l  s e p a r a t i o n  o f  
beam-in tercept ion  and r f - d i s s i p a t i o n  h e a t i - 3 .  I n  consequence,  a 
power-hand1 i n g  c a p a b i l i t y  p r e d i c t e d  t o  exceed t h a t  o f  t h e  h e l i x  d e s i g n  has  
been o b t a i c e o ,  as  w e l l  as s u p p o r t  means f o r  t h e  s l e n d e r  l a d d e r  r u n g s  
r e q u i r e d  by t h e  non-space-harmonic i n t e r a c t i o n .  
In  p a r t i c u l a r ,  performance has  been p r e d i c t e d  f o r  a beam v o l t a g e  and 
microporveance o f  21 kV and 0 .06 ,  r e s p e c t i v e l y .  A p o t e n t i a l  g a i n  rate o f  
BCN = 0.5 dB/per iod  (16 dB/cm a t  42 GHz) a p p e a r s  o b t a i n a b l e ,  -mply ing  a 
s h o r t  t ube  and a modes t ly  s i z e d  f o c u s i n g  magnet. I n s t a n t a n e o u s  bandwidths 
somewhat ove r  1% have been p ~ o j e c t e d ;  however, t h e  p o s s i b i l i t y  o f  e l e c t r o n i c  
tun ing  of  the  band c e n t e r  frequency over  s e v e r a l  pe rcen t ,  v i a  beam-voltage 
changes o f  a few kV, has a l s o  been p red ic ted .  If t h e  tube is dr iven  t o  
" s a t u r a t i o n " ,  conversion e f f i c i e n c i e s  around 19 o r  21% rhould  be p o s s i b l e ,  
depending on t h e  c i r c u i t  a t t e n u a t i o n  e f f e c t i v e  a t  o p e r a t i n g  temperature .  
Pre l iminary  thermal a n a l y s i s  sugges t s  t h e  corresponding r f  power l e v e l  
(800 W) might wel l  be accommodated un less  rung-to-rung rf v o l t w e  breakdown 
imposes a lower l i m i t .  I n  any c a s e ,  a  " l i n e a r w  a m p l i f i e r  with 200 o r  250 W 
of  output  power should be v i a b l e ,  with a r e s p e c t a b l e  o v e r a l l  e f f i c i e n c y  
secured by means o f  a depressed c o l l e c t o r .  
The s e r v i c e a b i l i t y  o f  t h e  envisioned narrow-band mjllimeter-wave TYT 
has  been supparted by i n v e s t i g a t i o n s  o f  t h e  TunneLadder i n t e r a c t i o n  
s t r u c t u r e ' s  s e n s i t i v i t y  t o  dimensional  d e v i a t i o n s .  These i n v e s t i g a t i o n s  
were i n c i d e n t a l  t o  measuring and opt imizing t h e  d i s p e r s i o n  and inpedancc 
c h a r a c t e r i s t i c s .  Two o f  t h e  pe r iod ic   structure!^ extraneous  modes o f  
propagat ion have a l s o  been i n v e s t i g a t e d  i n  case  c e r t a i n  adverse  e f f e c t s ,  
i d e n t i f i e d  i n  advance, r e q u i r e  c o r r e c t i o n .  In  c o n t r a s t  with t o ~ o l o g i c a l l y  
s i m i l a r  i n t e r a c t i o n  s t r u c t u r e s  employed by o t h e r  workers, the  geometry o f  
t h e  p resen t  TunneLadder des ign provides  per s e  a l a r g e  frequency s e p a r a t i o n  
between the  (symmetric) mode chosen f o r  i n t e r a c t i o n  and t h e  p o t e n t i a l l y  
troublesome ( antisymmetric)  mode next above it.  
A number o f  t a s k s  remain f o r  f u t u r e  work. A high p r i o r i t y  is ass igned 
t o  t h e  in-depth eva lua t ion  of  t h e  microwave (X-band and above) d i e l e c t r i c  
p r o p e r t i e s  ( l o s s  t a n g e n t ,  s u r f a c e  breakdown s t r e n g t h ,  and t h e i r  temperature  
dependence) of  Type I1 A diamond t h a t  has  been heated i n  helium t o  1 0 3 0 ~ ~ .  
Th i s  hea t ing  is r e l a t e d  t o  the  c i r c u i t  f a b r i c a t i o n ,  t h e  ladder-  Corming 
aspent  o f  which now r e q u i r e s  concer ted  a t  t e n t  i o n ,  wi th  t h e  p o s s i b i l i t i e s  o f  
wind'ng, photo-etching,  chemical m i l l i n g ,  l a s e r  m i l l i n g ,  d-scharge 
machining, and perhaps o t h e r  techniques  t o  be checked o u t .  The t e r h r i q u e  
f i n a l l y  adopted may wel l  in f luence  t h e  c i r c u i t  a t t e n u a t i o ?  ( through 
r o u g h n ~ s s  e f f e c t s ,  f o r  example) whose eva lua t ion  w i l l  r e q u i r e  more accuracy 
than is evident  i n  the  a n a l y t i c a l  e s t i m a t e s  at tempted t o  d a t e .  
Refinements i n  t h e  computer-assisted thermal modeling s o  f a r  a t tempted 
a r e  c l e a r l y  d e s i r a b l e  t o  improve accuracy. However, g r e a t e r  p r e c i s i o n  i n  
r e l a t i n g  temperature  rise t o  hea t  i n p u t  would s e r v e  l i t t l e  purpose u n l e s s  a 
more exac t  q u a n t i f i c a t i o n  were a v a i l a b l e  of  t h e  worst  c a s e  of beam 
i n t e r c e p t i o n  -- t h o  magnitude and d i s t r i b u t i o n  o f  e l e c t r o n  bombardment o f  
any one rung. It is a l s o  recommended t h a t  one cons ide r  p o s s i b l e  mechanical 
deformations resulting from thermal g r a d i e n t s .  
The deaign of a t r a n s i t i o n  between r e c t a n g u l a r  waveguide ( a l s o  
incorpcra t ing  a 3 u i t a b l e  ceramic "window") and t h e  TdnneLadder i n t e r a c t i o n  
j t r u c t u r e  s h o ~ l d  be dndertaken,  i n i t i a l l y  wi th  s c a l e  models, as soon a s  t h e  
slow-wave c i r c z i t  geometry is f i n a l i z e d  -- on t h e  b a s i s  o f  r e l i a b l e  d a t a  on 
diamond's d i e l e c t r i c  p r o p e r t i e s .  ( I t  would be o f  cons ide rab le  va lue  t o  know 
what l e v e l  of tube  performance might be p o s s i b l e  i f  t h e  use f diamond had t o  
be abandoned i n  f avor  c r  b e r y l l i a . )  If t h e  i n c l u s i o n  of a nsever"  i n  a 
TunneLadder TWT were deemed e s s e n t i a l ,  d e c i s i o n s  would be raqd i red  regard ing  
its form and implementation. 
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